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ABSTRACT

and

Homogenization

final melting temperature data

from primary and secondary two-phase fluid inclusions within

carbonate and sulfate mineral phases reflect the physical

re-equilibration of pre-burial calcites and the precipitation

of

late diagenetic

mineral

phases during the burial

of

the upper Smackover (Upper Jurassic, Oxfordian) 1 ime-grainstones

in southwestern Arkansas and northeastern Texas.
temperatures range from 83.0° to 153.8°C

Homogenization

(uncorrected for

excess ambient formation pressures at time of trapping) .

Final melting points range from -33.4° to -13.5°C.

Statistically distinct temperature populations reveal
the re-equilibration of pre-burial bladed calcite cements
and parallel the subsequent paragenesis during burial of
non-fabric-selective dolomite,

anhydrite,

celestite,

zoned equant mosaic calcite,

unzoned poikilitic calcite cement,

and baroque dolomite cement under conditions of increasing
temperature and salinity.
Re-equi1ibration/precipitation began after a minimum

depth of burial in the range of 0.95 to 1.75 km.

Re-equili-

bration/precipitation resulted in part in response to the

original connate meteoric to marine pore water system being
mixed with,

and subsequently replaced by, basinal brines

which migrated

into

the upper Smackover grainstones from

the Louann Salt.
x

Melting temperature data indicate that fluids trapped
within the two-phase

fluid

inclusions are highly saline,

varying from 17 to 27 weight percent NaCl.
data also indicate

that

Melting temperature

the fluids are CaC12

rich brines

with NaCl and probably MgCl2 and FeCl2 as additional chloride

components.

xi

INTRODUCTION
Fluid

is becoming

study

inclusion

an

increasingly

more popular technique used in conjunction with petrologic
and geochemical

of

studies

sedimentary

rocks

(Roedder,

Fluid inclusions contain samples of the diagenetic

1979a).

the precipitation of

fluid responsible

for

in which they are

found.

the mineral

The inclusions form as irregu

larities within the crystal

structure that somehow trap

portions of the precipitating fluid during crystal growth.

Temperature measurements of liquid-vapor-ice phase transitions,
induced within the

inclusions through heating and cooling,

reveal information on the probable temperatures of formation

for the inclusions and information on the approximate salinity
and composition of the host mineral's precipitating fluid.
Fluid

inclusion studies,

in conjunction with other

carbonate diagenesis research including petrography and

geochemistry, can establish some of the physical and chemical
conditions

Freeman

involved

(1973)

in

carbonate

documented

diagenetic

processes.

dolomitization under

hotter,

more saline conditions than calcite cementation for epigenetic
calcite and dolomite through the study of fluid inclusions.
Nelson

(1973)

documented carbonate cementation from fluids

with salinities ranging from 5

and with
to 170°C.

to 25 weight percent NaCl

temperatures of precipitation ranging from 80°

Klosterman

(1981)

and McLimans

(1981)

documented

late diagenetic calcite cementation within moderately buried

1

2

Upper Jurassic Smackover carbonates in southwestern Arkansas.

Klosterman (1981) concluded the calcite cements precipitated
in

the

subsurface

from complex CaC12 brines

ranging in

salinity from 19 to 31 weight percent NaCl and with temperatures

of precipitation ranging from 58° to 158°C.

Vissar

(1982)

used microthermometry to estimate maximum diagenetic temper

atures within a carbonate sequence serving as a hydrocarbon

Smith and others (1984) established a viable high-

source.

temperature,

high-salinity diagenetic model through micro

thermometry for a Middle Mississippian carbonate formation

for which a

low-temperature,

fresh-water diagenetic model

had been previously proposed.

These studies,

as with any study of fluid

within carbonate mineral phases,

inclusions

are faced with serious

problems regarding the use of the inclusions and the information

gained

from the

inclusions.

inclusions must be
is potentially
conditions

Inclusions

established

representative

during
can be

or pseudosecondary

The primary origin of the
before temperature data
of physical

and chemical

specific periods of crystal
characterized as primary,

growth.

secondary,

in origin based on criteria presented

by Roedder (1976, 1979b, 1981).

Studies of fluid inclusions

found within calcite and dolomite phases are faced with

added uncertainty as a result of the low hardness,

twinning,

crystal

common

and the perfect cleavage within the carbonate

structure.

These physical qualities

certainly

3
detract from the use

of carbonates as suitable hosts for

fluid inclusion study because of the increased probabilities

of damage to the inclusions or destruction of the inclusions
after formation.

However, careful petrography and deliberate

laboratory techniques can ensure valuable microthermometric

data from carbonate mineral phases that can be a significant

aid in the interpretation of carbonate diagenesis.

The purpose of

the present

study

is

to

critically

test the use of two-phase fluid inclusion study as a viable

diagenetic tool
sequences.

in

the study of ancient carbonate rock

Such a

test is best carried out within the

framework of a well constrained carbonate diagenetic suite.
This study revolves around carbonate and sulfate diagenetic

phases

from moderately buried

(2400-3900 meters)

upper

member

1ime-grainstones of the Smackover Formation

(Upper

Jurassic,

Oxfordian)

in

the central Gulf Coast region.

The diagenetic history of the Smackover Formation in south
western Arkansas and northeastern Texas has been well estab

lished through petrographic,

trace element,

and radiogenic isotope studies
Stamatedes, 1982;

Moore,
study

stable isotope,

(Moore and Druckman,

1981;

Stueber and Pushkar, 1982; Fontana, 1983;

1983; McGillis,

1984; Moore,

in press).

The present

involves the microthermometric analysis of critical

diagenetic mineral

phases,

representing precompaction and

post-compaction diagenetic events,

and well-constrained

paragenetic

from a well-established

sequence representing

4

a burial diagenetic carbonate suite (Figure 1) .
SMACKOVER STUDY AREA
Southwestern Arkansas and northeastern Texas comprise

the study area

(Figure

Smackover were chosen

2).

Wells with core from the upper

in a pattern designed to transect

well established diagenetic zones within the upper member

of

the

Smackover Formation

(Moore and Druckman,

1981;

Stamatedes, 1982; McGillis, 1984) .
Six wells from Miller and Lafayette Counties in Arkansas

and one well each from Bowie, Titus, Camp, and Upshur Counties
in Texas (Figure 2) .
was

One well from Perry County in Mississippi

included in order

to compare

inclusion data from a

very deeply buried sequence of Smackover carbonates.

names,

well locations,

in Table 1.

and

Well

sample intervals can be found

5
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Figure 2.

Location map for wells used in the study.
Numbers correspond to wells listed in
Table 1.

7

Table 1.

#

WELLS AND SAMPLE DEPTHS

Operator

Well

Location

survey

county

Depth

meters

Texas
1

Humble

#1 Calfee

Oliver Survey

Titus

2716-2729

2

Humble

#1 Newsome

Williams Survey

Camp

3959-3967

3

Texaco

#1 Newsome

Jackson Survey

Upshur

3438-3571

4

Murphy

#1 Giffco

Gaither Survey

Bowie

2365-2391

7, 16S, 27W

Mi Iler

2358-2370

Arkansas

section

5

Guardian #1 Cox Meek

6

Murphy

#1 I PC

13, 16S, 27W

Mi Iler

2482-2487

7

Feazel

#1 Fouke

20, 17S, 27W

Mi Iler

2935-2950

8

Lear

#1 Clements

26, 18S, 27W

Mi Iler

3273-3293

9

Pennzo i1 #1 Taylor

34, 19S, 26W

10

Aminoil

25, 19S, 27W

#2 Dickson

Lafayette 3290-3311
Miller

3376-3393

Perry

5825-5878

Mi ssissippi

11

Phillips #1 Josephine A 35,

IS, 10W

METHOD OF STUDY
doubly polished and mounted

Seventy thin sections,

on cover slip glass, were prepared from chips from 11 conven

Intervals for thin sectioning

tional cores (see Appendix D) .

were chosen through a petrographic survey of existing thin
sections from the cores.

The survey documented the occurrence

and paragenesis of upper Smackover diagenetic phases (after

Moore and Druckman, 1981;

Stamatedes,

1982; McGillis, 1984)

and established the occurrence of two-phase fluid inclusions

within carbonate and sulfate diagenetic phases.
fluid

inclusions suitable

for

Two-phase

temperature analyses were

found in calcite, dolomite, anhydrite, and celestite.
Inclusions chosen for temperature determinations consist

phases

of

two

No

daughter minerals were observed within the inclusions.

Visually,

(liquid and

vapor)

at room temperatures.

the vapor phase occupies no more than 2% of the

inclusion volume

(compared to diagrams from Roedder,

Hollister and others, 1981).

1972;

The liquid phase is considered

to be a chloride-rich aqueous solution based on the melting
data from fluid inclusion studies of the Smackover Formation

by
the

Klosterman

(1981)

and McLimans

geochemical analyses of

by Collins

(1974) .

It

(1981)

and based on

Smackover Formation waters

is assumed that the inclusions were

entrapped as a single phase (liquid) at elevated temperatures
and pressures relative to surface conditions

Bodnar,

1980).

(Roedder and

The vapor phase nucleates due to the lower
8

9
temperature and pressure conditions found at the surface.
The phenomenon

of

is

the

thermal expansion.

result

The

of differing coefficients

trapped

than the surrounding host crystal,
to

nucleate.

the

Dimensions of

fluid contracts more

allowing the vapor phase

inclusions range from 1

by 1 micron to 9 by 12 microns with an average size of
3 by 5 microns.

Shapes of the inclusions range from equant

to oval to irregular to angular.

Inclusions used in this study were thought to be primary
and pseudosecondary in origin based on criteria presented
by

Roedder

(1976,

1979b,

1981).

Primary inclusions were

found isolated within a single crystal or scattered randomly

throughout a single crystal.

Trails of inclusions outlining

crystal boundaries could possible be primary or pseudo
secondary

as

in origin.

random trails of

Pseudosecondary inclusions occurred
inclusions within a

single crystal.

Trails of inclusions cross cutting crystal boundaries were

Inclusions with anomalously

considered secondary in origin.
high vapor phase to

have

liquid phase ratios were thought to

leaked and were avoided.

Inclusions appearing to

be in the process of necking down! and groups of inclusions
appearing

to be products of

necking down! were thought

^Necking down is a process of recrystallization within
a fluid inclusion which occurs if the host mineral is soluble
in the trapped fluid.
This results in the reduction of
a single large inclusion with high surface energy to several
small inclusions with low surface energy. (Roedder, 1981)

10

to be secondary and were not included in the study.

For mineral phases formed during precompaction meteoric
or mixed meteoric-marine diagenesis,

the presence of two-

phase fluid inclusions is contradictory to low—temperature,

low-pressure conditions during precipitation.

Thus,

two-phase fluid inclusions are secondary in origin.

the
The

secondary nature of these inclusions results from healing
of original growth irregularities by precipitation during
later diagenetic events

(Klosterman,

1981)

or from later

refilling brought on by decrepitation and rehealing at
elevated

temperatures

in

the presence of a

later fluid

of different composition from the crystal's precipitating
fluid

1981).

(Roedder,

1976;

Burruss and Hollister,

A number of single-phase

(liquid)

1979;

Pecher,

fluid inclusions

were observed in precompaction diagenetic mineral phases
in

the northern diagenetic zone.

Liquid filled inclusions

imply trapping as a homogeneous single phase at temperatures

less than 70°C

(Roedder,

1981).

For mineral phases formed

during post-compaction burial diagenesis,

two-phase fluid

inclusions are considered to be primary or pseudosecondary
in origin.

These mineral phases precipitated during burial

under elevated temperatures and pressures from fluids which
evolved during burial.

Temperature determinations were carried out with a
LINKAM TH600 heating-cooling stage

1982)

(Shepherd, 1981; Carter,

maintained by the Applied Carbonate Research Program

11

at Louisiana State University

(see Appendices F and H) .

The LINKAM apparatus was calibrated using organic liquids
and solids

Spooner
All

following methods discussed by MacDonald and

(1981)

and

by Carter

(1982)

(see Appendix G).

phase changes were observed using a

of 0.5°C per minute to ensure equilibrium

rate of heating
(Shepherd,

1981)

and to optimize the precision of the determinations (MacDonald

and Spooner,

1981).

The uncertainty of the temperature

determinations is within 1% relative to the Kelvin temperature
scale (Carter, 1982).

Individual homogenization temperature

determinations are reproducible to within 1.0°C.
final

melting point determinations

are

Individual

reproducible to

within 0.5°C.
Temperature determinations were made for 235 two-phase
fluid

inclusions.

Temperatures

of homogenization were

determined for 231 two-phase fluid inclusions (see Appendix

I).

Final melting points were determined for 90 two-phase

fluid inclusions (see Appendix I).

Following temperature determinations,

the sample chips

were observed under ultraviolet light and under cathodolumi

nescence.

Ultraviolet light was used to detect fluorescing

material within the inclusions.

Inclusions showing fluorescence

were assumed to contain hydrocarbons and were not included

in the study.

grains

Cathodoluminescence was used to check sample

for microfracturing through which leakage from the

inclusions may have occurred.

Cathodoluminescence was

12
used also to document the occurrence of luminescence and

the occurrence of zonation within the diagenetic mineral
phases (see Appendix J).

GEOLOGIC SETTING OF THE UPPER SMACKOVER

Tectonic Setting

Structural features influencing Upper Jurassic deposition
reflect Late Triassic

central

to Early Jurassic rifting in the

Gulf region associated with the opening of the

Gulf of Mexico (Pilger, 1978; Salvador, 1982).

The northern

edge of the rifting is marked by a discontinuous, but regionally

extensive system of block faulting

(Figure 3).

The faulting

is referred to as the South Arkansas fault system in south
western Arkansas and as

the Mexia-Talco fault system in

Texas.

the

Activity within

the Late Jurassic and

fault

system took place

in

in the Cretaceous as a result of

salt movement (Jackson and Seni,

1983; Moore, 1983; Bishop,

1973) .

Basinward of the northern block
thinning

in

fault system, crustal

associated with extensional tectonics resulted

subsidence and

the

subsequent

formation of

salt basins across the Gulf Coast region.

basins,

isolated

Two of the salt

the North Louisiana salt basin and the East Texas

salt basin,

are located within and adjacent to the study

area (Figure 3).

These basins are separated by the Sabine

Figure
3.

.

Tectonic setting for the central Gulf Coast
(after Moore, 1983)

13

14
uplift,

a positive physiographic

heat flux

feature reflecting high

associated with adjacent crustal thinning

(Nunn,

1982) .

The

Formation

Louann

(Middle Jurassic,

accumulated within

Callovian)

as

undeformed

salt with a probable thickness of 1500 meters

(4900 feet)

originally

1983).

(Jackson and Seni,

marked by

high

the

basins

The centers of the basins are

Salt pillows and

rise salt structures.

salt ridges developed between

the

northern block fault

system and the edge of the basin proper.
to absent across the Sabine uplift.

The salt is thin

The block fault system

marks

the approximate updip limit of thick

1983;

Jackson and Seni,

salt may continue

1983;

landward of

Cloos, 1968).

salt

(Moore,

Thin Louann

the northern block fault

system (Moore, 1983).

Stratigraphic and Sedimentologic Framework

The Jurassic stratigraphic nomenclature used in this

study

is

taken from Dickinson

(1983) , and McGillis,

(1984).

(1968),

Imlay (1980), Moore

In the study area, the Middle

to Upper Jurassic sequence consists of,

Louann Formation of Callovian age,
of

Oxfordian age,

age,

the

Smackover

respectively,

the Norphlet Formation
Formation or Oxfordian

the Haynesville Formation of Kimmeridgian age,

the Cotton Valley Group of Tithonian age
(Figure 4) .

the

(Imlay,

and

1980)
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The Smackover Formation has
into three members by Dickinson

been

(1968).

informally divided

In the study area,

the three members have been described by Stamatedes (1982),
Fontana

and McGillis

(1983),

(1984).

The lower member

is a dark gray to dark brown, silty to argillaceous laminated

The middle member

limestone.

is a dark brown,

pelleted,

micritic limestone which can contain bioclasts and ooids

and can be locally dolomitic,

upper member

anhydritic,

or silty.

The

is a clean oolitic lime-grainstone which can

contain pellets, bioclasts, algal-coated grains, or composite
grains.

The sedimentologic framework

of the upper member of

the Smackover has been established across the study area

by

Brock

(1982),

(1980),

Fontana

Moore and

Druckman

(1983), Moore

The upper member

(1983),

(1981),

Stamatedes

and McGillis

(1984).

is clean oolitic grainstone ranging in

thickness from 75 to 400 feet (23 to 122 meters) and occurring

at

depths of 7700 to 13,000

feet

(2347 to 3962 meters)

in southwestern Arkansas and northeastern Texas.
Smackover grainstones

(basinward)
north

form a wedge thickening to the south

and thinning to the north

the carbonates grade

clastics.

The upper

into

(landward) .

To the

or may be truncated by

The oolitic grainstones accumulated as multiple,

coarsening-upward packages; establishing an extensive shallow

marine,

ooid shoal complex which covered the stable shelf

areas in a manner similar to the Bahamian Platform interior

17
sand blanket described by Ball (1967) .

The stacked sequences

represent carbonate sedimentation which accumulated during

a

relative sea level standstill when the sediment-water

interface built up to wave base.

Substantial thicknesses

(up to 122 meters) of the upper Smackover reflect an equilibrium

between subsidence and sedimentation which was maintained

for

a relatively long time.

oolitic grainstones

The blanket nature of the

early hydrologic continuity

implies

over a wide area within the upper Smackover.

Diagenetic Framework

The

regional framework

for

the upper member of the

Smackover Formation in the central Gulf Coast, as established
by Moore and Druckman
(1983),

(1981) ,

provides the basis

Stamatedes

(1982),

and Moore

for the present study.

Moore

and Druckman (1981) established regionally extensive diagenetic
zones based on differences

in the pore water systems which

developed shortly after deposition and in the post-depositional
burial histories.

resulted

A north to

south diagenetic gradient

from the development of

a meteoric pore water

system updip and a marine pore water system downdip shortly
after deposition

(Figure 5)

(Moore,

1983;

modified from

Moore and Druckman, 1981).

Moore

(1983)

presents

a

reevaluation of

the Moore

and Druckman diagenetic model which emphasizes two phases
of early, precompaction Smackover diagenesis (Figure 5).

Figure

5.

Model for pre-burial upper Smackover diagenesis
(after Moore, 1983).
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The initial phase of early diagenesis is reflected by pre
compaction, meteoric,

bladed to equant calcite cementation

(Figures

the development of oomoldic porosity updip

and

5 and 6-A) .

Downdip, the initial phase of Smackover diagenesis

is marked by marine, fibrous circumgranular calcite cementation
and the development of primary intergranular porosity (Figure

5)

(Moore,

early,

1983) .

Moore

notes a

(1983)

second phase of

precompaction Smackover diagenesis in which upper

Smackover grainstones are subjected to pervasive dolomitiza
tion.

to

The dolomitization,

which can be fabric—selective

non-fabric-selective and partially to totally replacive

in nature, occurs as a result of the reflux of highly saline
fluids

from overlying Buckner evaporites

into the upper

Smackover and the subsequent mixing with the connate meteoric

to marine pore waters (Figures 5 and 6-B)

(Moore, 1983).

With continued sedimentation and subsequent subsidence,

(Figure

the upper Smackover suffered progressive burial

7).

During burial, upper Smackover grainstones were subjected

to compaction and pressure solution which resulted in subtle
modifications of the original

and Druckman,
basinal

1981; Moore,

connate pore waters

in press).

brines migrated out of

(Moore

Also during burial,

the Louann Salt and into

the upper Smackover grainstones, mixing with and subsequently
displacing

the original connate pore water system

and Druckman, 1981) .
burial

(Moore

Upper Smackover grainstones underwent

diagenesis as a

result of

these changes

in pore

20

Figure 6.
A.

Precompaction, bladed circumgranular calcite (B).
Murphy #1 Giffco, 7762 feet.
Plane light.

B.

Precompaction, fabric-selective to non-fabric-selective
dolomite (D). Guardian #1 Cox-Meek, 7753 feet.
Plane light.

C.

Post-compaction, non-fabric-selective interparticle
dolomite (D).
Pennzoil #1 Taylor, 10,795 feet.
Plane light.

D.

Post-compaciton, zoned equant mosaic calcite (Z).
Note the dark center (d) and clear rim (c) made apparent
through staining.
Aminoil #2 M. F. Dickson, 11,129
feet.
Plane light.

FIGURE 6
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SHALLOW BURIAL-COMPACTION PHASE
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Re-equilibration
2. Anhydrite-Gypsum Replacement.
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1. Recrystolization Pre-compaction

1.
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3.
4.
5.

Calcite w. Chemical Re-equilibration
2. Calcite Cements

3. Anhydrite Replacement
4. Sulphate Reduction
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Calcite Cement
Dolomite Cement
Anhydrite Replacement
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Pyrite Replacement
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Figure 7.

Model for upper Smackover burial diagenesis
(after Moore and Druckman, 1981).
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composition under

water

the

increasing

temperature

pressure conditions accompanying progressive burial

and Druckman,
compaction,

and

(Moore

These events are reflected by post

1981).

zoned carbonate phases and by post-compaction,
(Figures

sulfate phases

6-C,

D and 8-A,

B) .

The latest

stages of burial diagenesis are reflected by unzoned carbonate
phases (Figure 8-C, D).
A paragenetic sequence for

the precompaction and the

post-compaction diagenetic events from the upper Smackover

has been compiled from the work of Stamatedes
McGillis

(1984)

(Figure

1).

The

(1982)

and

diagenetic events are

established and have been well constrained within

well

the paragenetic sequence through petrographic, trace element,

stable

isotope,

Druckman,

1982;

1981;

and radiogenic isotope studies
Stamatedes,

1983;

Fontana,

Moore,

1982;

Stueber and

1983; McGillis,

(Moore and

Pushkar,

1984; Moore,

in press) .
Early Smackover diagenesis reflects regional differences

in the post-depositional pore water systems which developed
within the upper Smackover.

meteoric water

to

To the north where a regional

system developed,

precompaction,

bladed

equant circumgranular calcite precipitation accompanied

preferential dissolution of aragonitic grains resulting
in oomoldic porosity

(Figures 1, 5,

and 6-A)

(Moore, 1983).

To the south where a regional marine water system developed,
precompaction,

fibrous circumgranular calcite precipitation

24

Figure 8.

A.

Post-compaction, replacement anhydrite (A).
Note anhydrite replacement following grain-grain
pressure solution.
Humble #1 Newsome, 12,989 feet.
Plane light.

B.

Post-compaction, replacement celestite (C).
Humble #1 Calfee, 8934 feet. Crossed nicols.

C.

Post-compaction, unzoned poikilitic calcite (P).
Aminoil #2 M. F. Dickson, 11,129 feet.
Crossed nicols.

D.

Post-compaction, poikilitic/pore-fill baroque dolomite
(B) .
Aminoil #2 M. F. Dickson, 11,133 feet.
Crossed nicols.

FIGURE 8
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accompanied the transformation of aragonite grains to calcite

grains

inversion resulting

by

porosity

(Figures 1,

5)

in

(Moore,

primary

1983).

intergranular

Following upper

Smackover sedimentation, an evaporative lagoon was established
resulting in the precipitation of Buckner evaporites (Moore,

1983) .

Reflux

evaporites

and

the

of highly saline fluids

from the Buckner

into the underlying upper Smackover grainstones

subsequent mixing with

the connate pore waters

resulted in pervasive dolomitization

(Moore, 1983).

Petro-

graphically, the dolomite is precompaction, fabric-selective
to non-fabric-selective,

and partially to totally replacive

in nature (Figures 1, 5, and 6-B)

With the onset of burial,

(Stamatedes, 1982).

upper Smackover grainstones

were subjected to physical grain breakage and grain-grain
These processes

pressure solution.

led to subtle changes

in the composition of the connate pore waters which resulted
in the precipitation of non-fabric-selective, interparticle

dolomite and zoned equant mosaic calcite
6-D,

and 7)

compaction,
shows

burial,

(Moore,

(Figures 1,

in press; Stamatedes, 1982).

6-C,

The post

non-fabric-selective dolomite occasionally

compositional

zoning

(Stamatedes,

1982).

During

basinal brines migrating out of the Louann Salt

began to displace the original connate pore waters within

the upper Smackover grainstones.

The influx of the Mg-SO4~K

rich basinal brines led to the precipitation of replacement

anhydrite and replacement celestite within the grainstones

27
(Figures 1,
The

7,

and 8-B)

8-A,

changing pore water

burial

allowed for

(Moore and Druckman,

1981).

composition during progressive

the continuation of precipitation of

the zoned carbonate phases.

The displacement of the original

connate waters resulted in a late—burial pore water system
During late burial,

of brine composition.

upper Smackover

pore water chemistry stabilized somewhat resulting in the
precipitation of late-diagenetic, unzoned poikilitic calcite

and poikilitic/pore-fill baroque dolomite
8-C, and 8-D)

(Figures 1,

7,

(Moore and Druckman, 1981; Stamatedes, 1982).

Diagenetic Phases Critical to Fluid Inclusion Study

For the present study, precompaction and post-compaction
diagenetic phases,

within a

well established and well constrained

paragenetic

sequence

the upper Smackover,

for

have been evaluated petrographically for the presence of
fluid

to

inclusions.

Two-phase

fluid

inclusions

suitable

temperature analyses were found within precompaction

as well as post-compaction diagenetic mineral phases (denoted
with boxes,

Figure 9).

Two-phase

fluid

inclusions were

found within the precompaction, bladed to equant, circumgranular
(Figure 6-A) .

calcite cements
fluid

inclusions,

The presence of two-phase

assumed to reflect elevated temperatures

and pressures of formation, conflicts with the precompaction,

low-temperature,

low-pressure origin for the bladed calcite

that is indicated by petrography and geochemistry.

The

Figure

9.

T IM E --------------PRE-BURIAL

Critical diagenetic mineral phases containing two-phase
fluid inclusions suitable for study. Note boxes.

INCREASING BURIAL AND
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presence of two-phase fluid inclusions within the precompaction,

bladed calcite indicates that

a

the calcite has undergone

physical readjustment during progressive burial since

precipitation.
within

Single-phase fluid

the precompaction,

inclusions were present

fabric-selective to non-fabric-

selective dolomite (Figure 6-B).

The presence of single-phase

fluid inclusions, which are indicative of formation temperatures

of less than 70°C

(Roedder, 1981), supports a precompaction

timing for the reflux dolomitization.

were also possible
presumably

for

two-phase

precompaction,

Temperature analyses

fluid

syntaxial

inclusions

from

calcite overgrowths

on echinoderm fragments.
Two-phase fluid

inclusions were found in all burial

diagenetic mineral phases
Temperature

(denoted with boxes,

analyses were possible

for

Figure 9).

two-phase

fluid

inclusions from post-compaction, zoned equant mosaic calcite;

post-compaction, non-fabr ic-selective dolomite; post-compact ion,

replacement anhydrite and celestite; post-compaction, unzoned
poikilitic calcite; and post-compaction, poikilitic/pore-fill

baroque dolomite

(Figures 6-C,

6-D,

and 8).

Temperature

analyses were also possible for inclusions frompost-compaction,

oomoldic porosity-fill carbonates and from post-compaciton
dedolomi te.

FLUID INCLUSION DATA

Temperature determinations were obtained for 235 twophase fluid inclusions occurring within calcite, dolomite,

anhydrite,

and celestite

of homogenization for 231

153.8°C

(see Appendix I).

Temperatures

inclusions range from 83.0° to

(uncorrected for excess ambient pressures at time

of formation) .

Temperatures of final melting for 90 inclusions

range of -33.4° to -13.5°C.

small number of final

The

melting points reflects on the small size of the inclusions
and on the metastability of the

liquid phase within the

inclusion at low temperatures (see Appendix H).

From the paragenetic sequence in Figure 9,

diagenetic

minerals for which homogenization and final melting determi

nations were possible

include

(in

order of formation):

precompaction, bladed circumgranular calcite; post-compaction,
non-fabric-selective, partial replacement dolomite; post-com 

paction,

zoned equant mosaic calcite;

post—compaction,

replacement anhydrite; post-compaction, replacement celestite;

post-compaction,
compaction,

unzoned poikilitic calcite;

baroque dolomite.

were also possible for

and post

Temperature determinations

inclusions

from early-diagenetic,

syntaxial calcite overgrowths on echinoderm fragments and
for inclusions from late-diagenetic, oomoldic-fill carbonates

and late-diagenetic dedolomite.

Temperature determinations with accompanying univariate
statistics for the diagenetic mineral phases from southwestern
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Arkansas,

northeastern

Texas,

and

southern Mississippi

can be found in Table 2.

Inclusion Data—Bladed Circumgranular Calcite

Thirteen temperatures of homogenization and thirteen

final melting points were determined for two-phase fluid
inclusions from precompaction, bladed circumgranular calcite
cements found in the northern diagenetic zone of southwestern

Arkansas.
to

Homogenization temperatures range from 83.0°

117.5°C

mean of

with a

101.8°C

10.1

(Figure

10).

Ten of the thirteen homogenization temperatures range from
95.0° to 112.0°C with a mean of 104.2°C + 6.1.

Final melting

points range from -28.8° to -13.5°C with a mean of -20.9°C
+ 4.2 (Figure 11).

Ten of the thirteen final melting points

range from -24.5° to -18.0°C with a mean of -20.2°C + 2.1.

Petrographic evidence
cement precipitated
surface

suggests

before compaction and burial under

temperatures and pressures

1981;

Stamatedes,

Moore

(1977)

the bladed calcite

1982;

Fontana,

(Moore and Druckman,

1983; McGillis,

and Moore and Druckman

(1981)

1984).

attribute the

origin of bladed calcite cement to precipitation from mixed

meteoric-marine waters.

inclusions
of formation.

indicates

The presence of two-phase fluid

elevated temperatures and pressures

Temperature data from two-phase fluid inclusions

within bladed calcites may
the calcite with physical

indicate re-equilibration of

and chemical conditions warmer

Mississippi
4

130.9- 132
133.1
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HOMOGENIZATION TEMPERATURES
BLADED CIRCUMGRANULAR CALCITE
SOUTHWEST ARKANSAS
N=13
MEAN=101.8
STANDARD DEVIATIONS 0.1

c
Figure 10.

Histogram of temperatures of homogenization
for precompaction, bladed calcite from
Southwest Arkansas.

FINAL MELTING POINTS
BLADED CIRCUMGRANULAR CALCITE
SOUTHWEST ARKANSAS
N=13
MEAN=-20.9
STANDARD DEVIATI0N=4.2

Figure 11.

Histogram of final melting points for
precompaction, bladed calcite from
Southwest Arkansas.
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and more saline than the conditions under which the cements
were precipitated.

Inclusion Data—Precompaction Fabric-Selective to Non-FabricSelective Dolomite

No

two-phase

precompaction,

fluid inclusions were found within the

fabric-selective to non-fabric-selective,

partial to total replacement dolomite present in the northern
diagenetic zone of southwestern Arkansas and northeastern

All inclusions noted were single-phase fluid inclu

Texas.

sions.

Single-phase

fluid

inclusions are

indicative of

temperatures of precipitation of less than 70°C

(Roedder,

The presence of single-phase fluid inclusions support

1981).

an early diagenetic formation under near-surface temperature

and pressure conditions.

The precompaction dolomite phase

does not show any indication of physical readjustment during
shallow to moderate burial (to 2400 meters).

Inclusion Data—Syntaxial Calcite
Temperature determinations were possible for two-phase

fluid

inclusions within syntaxial

echinoid fragments.

in

calcite overgrowths on

The petrography of the echinoid overgrowths

the upper Smackover has not been addressed in previous

studies.

Petrographically,

the syntaxial overgrowth and

the fragment being overgrown appear as a single,
continuous calcite crystal.

optically

Occasionally the overgrowth

encloses adjacent grains, resulting in a poikilitic texture.

Evamy and Shearman

(1965)

conclude syntaxial overgrowths

38
on echinoderm fragments precipitate during an early cementation

phase and
observed

fill existing porosity.

Syntaxial cements were

to overgrow single echinoid fragments which did

not show evidence of grain-grain pressure solution.

No

syntaxial overgrowths were noted on grains showing grain-grain

pressure solution.
Eleven temperatures of homogenization were determined

from two-phase
overgrowths.

fluid

inclusions within syntaxial calcite

Five temperatures from the northern diagenetic

zone of the upper Smackover

in southwestern Arkansas range

from 83.4° to 90.3°C with a mean of 87.0°C.

Six temperatures

from the Smackover-Gilmer undifferentiated carbonates from

the Texaco #1

Newsome’ in northeastern Texas

95.8° to 124.1°C with a mean of 113.5°C.

determinations from the

inclusions

range from

Two final melting

in northeastern Texas

shows final melting temperatures of -17.4° and -16.9°C.

The

temperature data for syntaxial calcites correlate

well with the temperature data
calcite.

for precompaction bladed

This correlation may indicate syntaxial calcite

either precipitated during the earliest stages of burial
or physically readjusted during burial under temperature
and salinity conditions similar to those responsible for
the readjustment of precompaction bladed calcite.

phase

fluid

inclusions within the syntaxial

Two-

calcite are

noticeably larger in size than the inclusions present within
any of the other diagenetic phases.

The vapor phase to

39

liquid phase ratios for inclusions within syntaxial calcite
overgrowths are also noticeably greater than for any of

the other diagenetic phases.

reflect

leakage of

and thus,

The large ratios may possibly

the fluid phase from the

inclusions

indicate a secondary origin for the inclusions.

Fluid Inclusion Data—Non-Fabric-Selective, Partial Replacement
Dolomite
c
Thirty-two

temperatures of homogenization and five

final melting points were determined for two-phase fluid

inclusions
partial

from post-compaction,

replacement dolomite

non-fabric-selective,

from the northern and the

transitional diagenetic zones of southwestern Arkansas.

Homogenization temperatures

range from 84.2°

with a mean of 119.4°C + 19.5 (Figure 12).
varying

temperature conditions

to 150.8°C

The data reflect

of precipitation

during

burial and show three groupings of homogenization temperatures:

85° to 95°C, 105° to 125°C, and 135° to 150°C.

Final melting

points range from -31.9° to -28.5°C with a mean of -30.8°C

+ 1.9.

Petrographically, non-fabric-selective, partial replacement
dolomite post-dates the onset of grain-grain compaction,

but pre-dates some stylolitization and zoned equant mosaic
calcite precipitation (Stamatedes, 1982).

Stamatedes (1982)

attributed the origin of the dolomite to burial diagenetic

processes occurring after the onset of grain-grain compaction.
Temperature data reflect precipitation throughout burial

40

HOMOGENIZATION TEMPERATURES
NON FABRIC SELECTIVE DOLOMITE
SOUTHWEST ARKANSAS
N=32
MEANS 19.4
STANDARD DEVIATIONS 9.5

c
Figure 12.

Histogram of temperatures of homogenization
for post-compaction, non-fabric-selective
dolomite from Southwest Arkansas.
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very saline brine.

from a

Zonation within the dolomite,

revealed through cathodoluminescence, reflects the changing

composition of the Smackover formation waters during precipi
tation and suggests that recrystallization of the dolomite

has not occurred

(Stamatedes, 1982).

Inclusion Data—Zoned Equant Mosaic Calcite

Twenty-seven temperatures of homogenization and six

final melting points were determined for two-phase fluid
inclusions from post-compaction, zoned equant mosaic calcites

from the northern and the transitional

diagenetic zones

of the upper Smackover in southwestern Arkansas.
zation

temperatures

range

mean of 110.1°C + 12.5

Homogeni

from 90.0° to 125.3°C with a

(Figure 13).

Final melting points

range from -29.7° to -18.8°C with a mean of -25.1°C +4.2

groupings of final melting temperatures

(Figure 14) .

Two

are evident:

-23.7°,

-22.1°,

-18.8°;

and -29.7°,

-28.4°,

-27.8°.
(in press)

Moore

calcite

is

and Fontana (1983)

conclude the zoned

a post-compaction diagenetic feature,

forming

as a result of grain compaction and grain-grain pressure
The precipitation of zoned calcite possibly

solutioning.

overlaps with
press).

grain-grain pressure solution

(Moore,

in

As with the non-fabric-selective, partial replacement

dolomite,

zonation within the calcite reflects the changing

composition

of

the

formation waters during precipitation
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HOMOGENIZATION TEMPERATURES
POLYHEDRAL MOSAIC CALCITE
SOUTHWEST ARKANSAS
N=29
MEAN = 110.4
STANDARD DEVIATIONS 6.2

FREQUENCY

80

90

110

100

120

130

140

HOMOGENIZATION TEMPERATURE

C

Figure 13.

Histogram of temperatures of homogenization
for post-compaction, zoned equant mosaic
calcite from Southwest Arkansas.

FINAL MELTING POINTS
POLYHEDRAL MOSAIC CALCITE
SOUTHWEST ARKANSAS
N=6
MEAN=- 25.1
STANDARD DEVIATI0N=4.2

c
Figure 14.

Histogram of final melting points for
post-compaction, zoned equant mosaic calcite
from Southwest Arkansas.
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and suggests the calcite has not undergone recrystallization.
Inclusion data reflect continued precipitation throughout
burial under changing temperature conditions and from evolving
formation waters.

Seven temperatures

of homogenization and two

final

melting points were determined for the zoned equant mosaic

calcite from the Smackover—Gilmer undifferentiated carbonates
from the Texaco #1 Newsome in northeastern Texas.

compaction,

suitable
upper

Texas.

zoned equant mosaic calcite with

inclusions

for temperature analyses could be found within

Smackover sequences from the wells

Homogenization temperatures range

123.3°C with a mean of 106.7°C +

final melting points
(1984)

No post

are -20.4°

12.6

in northeastern
from 88.1° to

(Figure 15).

and -19.8°C.

The

McGillis

documented the presence of post-compaction equant

calcite in the

Smackover-Gilmer undifferentiated carbonates

of northeastern Texas.

The temperature data from the post

compaction equant calcite of Texas compare favorably with
the temperature data for post-compaction zoned equant mosaic

calcite from the upper Smackover in southwestern Arkansas.

Inclusion Data--Oomoldic Pore-Fill Zoned Equant Mosaic
Calcite
Temperature determinations were possible for two-phase

fluid inclusions within post-compaction, oomoldic pore-fill
zoned equant mosaic calcite from the northern zone of the
upper Smackover

in

southwestern Arkansas.

Temperatures

HOMOGENIZATION TEMPERATURES
POLYHEDRAL MOSAIC CALCITE
EAST TEXAS
N=7
MEAN = 106.7
STANDARD DEVIATIONS 2.6

Figure 15.

Histogram of temperatures of homogenization
for post-compaction, zoned equant mosaic
calcite from Northeast Texas.
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of

for

homogenization

four

inclusions

to 120.9°C with a mean of 108.4°C.

range

from 93.7°

Temperatures of final

melting for the four inclusions range from -32.8° to -28.1°C
with a mean of -30.4°C.

Fontana

noted post-compaction,

(1983)

filling oomoldic porosity in

mosaic calcite occasionally
upper

Smackover

zoned equant

grainstones

from northeastern Texas.

indicate the oomoldic pore-fill calcite

Temperature data

precipitated under

varying

highly saline fluids.

temperature conditions

from

The temperature data overlap with

the temperature data for post-compaction, non-fabric-selective
dolomite and with the temperature data for the last stages

of post-compaction,

zoned equant mosaic calcite cementation.

Inclusion Data—Oomoldic Pore-Fill Euhedral Dolomite
Three temperatures of homogenization were determined
from two-phase fluid

euhedral

inclusions within oomoldic pore-fill

from the northern diagenetic zone of

dolomite

the upper Smackover in southwestern Arkansas.

The homogeni

zation temperatures were 99.0°, 107.0°, and 112.5°C.
Stamatedes

filling,

partial

(1982)

referred to this dolomite as void

replacement,

interparticle dolomite and

concluded that the dolomite formed early in the diagenetic

history because precompaction

equant

calcite was noted

occasionally to partially replace the interparticle dolomite.

The two-phase nature of the inclusions, plus high temperatures
of

homogenization,

would

indicate

that

a precompaction
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dolomite has physically readjusted to physical conditions

during burial.

encountered

These

observations are not

conclusive as the scarcity of this dolomite greatly limits

a thorough characterization of the phase.
observations

seem to

Finally, petrographic

indicate a possible post-compaction

origin for the oomoldic pore fill euhedral dolomite.

Euhedral

dolomite rhombs have nucleated within oomoldic pores on

broken and compacted inner surfaces of grains.

The euhedral

rhombs do not appear to have undergone compaction or pressure
solution.

Inclusion Data—Replacement Anhydrite
Eight

temperatures of homogenization and five final

melting points were determined for two-phase fluid inclusions
replacement anhydrite from the

from non-fabric-selective,
transitional

diagenetic zone of

southwestern Arkansas.

Homogenization temperatures range from 110.4° to 112.7°C
with a mean of 112.0°C + 0.9

Final melting

(Figure 16).

points range from -28.6° to -22.2°C with a mean of -26.0°C
+ 2.5

(Figure 17) .

Petrographic evidence suggests that
is post-compaction in origin

Stamatedes,

1982;

Fontana,

the

anhydrite

(Moore and Druckman,

1983;

presence of anhydrite indicates

McGillis,

1984).

1981;
The

the displacement of the

connate pore waters by calcium sulfate rich basinal brines
(Moore and Druckman,

1981).

after grain stabilization

Anhydrite formation took place

and compaction,

and most likely
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HOMOGENIZATION TEMPERATURES
ANHYDRITE
SOUTHWEST ARKANSAS
N=8
MEAN=112.0
STANDARD DEVIATI0N=0.9

FREQUENCY
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c

Figure 16

Histogram of temperatures of homogenization
for post-compaciton, replacement anhydrite
from Southwest Arkansas.
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FINAL MELTING POINTS
ANHYDRITE
SOUTHWEST ARKANSAS
N=5
MEAN=—26.0
STANDARD DEVIATI0N=2.5

c
Figure 17.

Histogram of final melting points for
post-compaction, replacement anhydrite
from Southwest Arkansas.
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with

overlapped

stylolitization

Petrographic evidence for

anhydrite relative

is equivocal.

(Stamatedes,

1982).

the timing of post-compaction

to post-compaction poikilitic calcite

Recent studies postulate replacement anhydrite

to pre-date poikilitic calcite

1982; Fontana,

(Stamatedes,

1983; McGillis, 1984) .

Homogenization temperature determinations

to the

lend support

idea that anhydrite pre-dates poikilitic calcite.

Final melting points indicate a highly saline precipitating

fluid.

Temperature data indicate that the anhydrite formed

from waters cooler and slightly less saline than the waters

precipitating the poikilitic calcite.

Homogenization temperature determinations of

four

inclusions within anhydrite from deeply buried upper Smackover
grainstones

in southern Mississippi

(to 5825 meters)

from 130.9° to 133.1°C with a mean of 132.2°C.
temperatures

of homogenization

range

These higher

for anhydrite as compared

to anhydrite homogenization temperatures from southwestern
Arkansas may indicate that anhydrite undergoes physical

readjustment under

deep burial physical conditions.

Inclusion Data—Replacement Celestite

Ten
for

temperatures of homogenization were determined

two-phase fluid

inclusions from replacement celestite

from the northern diagenetic zone of southwestern Arkansas.

Homogenization temperatures range from 89.0° to 106.8°C
with a mean of 99.4°C + 5.4

(Figure 18).

A single final
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HOMOGENIZATION TEMPERATURES
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STANDARD DEVIATION=5.4
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Figure 18.

Histogram of temperatures of homogenization
for post-compaction, replacement celestite
from Southwest Arkansas.
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melting point of -27.1°C was determined.

of homogenization and two

were determined

for

Four temperatures

final melting point temperatures

from replacement celestite

inclusions

from the northern diagenetic zone of northeastern Texas.

Homogenization temperatures range from 100.7° to 109.6°C
The final melting point temperatures

with a mean of 106.3°C.

are -27.9° and -24.6°C.
Stamatedes

(1982)

indicated that celestite present

in the northern diagenetic

zone of southwestern Arkansas

precipitated from mixed meteoric-marine waters during the
earliest stages

Fontana

of compaction.

(1983)

concluded

that celestite present in the upper Smackover in northeastern
Texas precipitated either as a post-compaction pore-fill

or as a post-compaction replacement.

Fontana (1983) observed

celestite to selectively replace carbonate grains and cements

and

to

selectively

replace post-compaction

Temperature determinations

indicate celestite formation

overlapped with anhydrite formation.

points

anhydrite.

indicate precipitation

The final melting

from highly saline fluids

which evolved during burial of the upper Smackover grainstones.
Inclusion Data—Post-Compaction Dedolomite

Two

homogenization temperatures were determined for

two-phase fluid inclusions from dedolomite from the transitional

diagenetic
Arkansas.

zone of

the upper

Smackover

in southwestern

Homogenization temperatures of 141.2° and 142.7°C

indicate calcite replacement of dolomite occurred during

53

late stage burial diagenesis, but a greater number of temper
ature determinations
origin.

by

Stamatedes

is needed

(1982)

to confirm a deep burial

noted dolomite being replaced

zoned equant mosaic calcite in the southern diagenetic

zone of southwestern Arkansas.

Stamatedes

that dedolomitization occurred as

a

(1982)

concluded

subsurface process

related to pressure dissolution of carbonate grains and

precipitation of zoned equant mosaic calcite.
(1981)

reported a

range

in homogenization

Cunningham

temperatures

of 139° to 185°C for inclusions from dedolomite in a study
of

the Lower Cretaceous Cupido Formation in northeastern

Mexico.

Cunningham (1981) concluded dedolomitization occurred

as a replacement in the deep subsurface.
Inclusion Data—Unzoned Poikilitic Calcite

Twenty-two

temperatures of homogenization and twelve

final melting point temperatures were determined for two-phase
fluid inclusions

from post-compaction,

unzoned poikilitic

calcite from the transitional diagenetic zone of the upper

Smackover in southwestern Arkansas.

Homogenization temperatures

range from 112.7° to 138.7°C with a mean of 128.7°C 4; 6.3

(Figure

19) .

Seventeen of

the

range from 121.1° to 135.4°C.

twenty-two

temperatures

Final melting points range

from -30.7° to -27.7°C with a mean of -29.4°C

0.9

(Figure

20) .
Sixty-one temperatures of homogenization and thirty-seven
final melting point temperatures were determined for inclusions
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HOMOGENIZATION TEMPERATURES
POIKILITIC CALCITE
SOUTHWEST ARKANSAS
N=22
MEAN=128.7
STANDARD DEVIATION=6.3

Figure 19.

Histogram of temperatures of homogenization
for post-compaction, unzoned poikilitic calcite
from Southwest Arkansas.

FINAL MELTING POINTS
POIKILITIC CALCITE
SOUTHWEST ARKANSAS
N=12
MEAN=-29.4
STANDARD DEVIATI0N=0.9

c

Figure 20.

Histogram of final melting points for
post-compaction, unzoned poikilitic calcite
from Southwest Arkansas.
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from post-compaction unzoned poikilitic calcite from the
upper

Smackover

southern diagenetic

zone

and from the

Smackover-Gilmer undifferentiated carbonates of northeastern

Texas.

Homogenization temperatures range from 94.7° to

150.2°C with a mean of 131.5°C + 10.6 (Figure 21).

Forty-nine

of the sixty-one temperatures range from 121.0° to 145.9°C.

Final melting point temperatures range from -31.9° to -20.3°C

with a mean of -26.4°C +
of the thirty-seven

2.5

(Figure 22).

Twenty-nine

final melting points range from -28.9°

to to -24.3°C.
Thirteen temperatures of homogenization from the upper
Smackover

of

southern Mississippi

148.2°C with a mean of 128.8°C +

range

6.4.

from 121.9° to

These temperatures

of homogenization compare favorably with the homogenization

temperatures for poikilitic calcite from southwestern Arkansas
and northeastern Texas.

The homogenization temperatures

for poikilitic calcite from southern Mississippi do not
give an indication that poikilitic calcites have physically

readjusted under deep burial physical conditions

(burial

to 5825 meters).
Unzoned poikilitic calcite precipitated as an intergranular

cement during late burial diagenesis after grain compaction

and grain-grain pressure solution
1981;

Stamatedes,

Strontium

1982; McGillis,

(Moore

and Druckman,

1984; Moore,

in press).

isotopic data support a late diagenetic origin

from waters compositionally similar to present day Smackover
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HOMOGENIZATION TEMPERATURES
POIKILITIC CALCITES
EAST TEXAS
N=61
MEAN = 131.5
STANDARD DEVIATIONS 0.6
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Figure 21.
Histogram of temperatures of homogenization
.
for post-compaction, unzoned poikilitic calcite
from Northeast Texas.
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FINAL MELTING POINTS
POIKILITIC CALCITES
EAST TEXAS
N=37
MEAN=—26.4
STANDARD DEVIATION=2.5

c
Figure 22.

Histogram of final melting points for
post-compaction, unzoned poikilitic calcite
from Northeast Texas.
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reservoir

fluids

and

(Stueber

Pushkar,

1982; Moore,

in

Temperature determinations reflect precipitation

press) .

from very warm,

formation waters similar

saline

to present day Smackover reservoir fluids

in composition

(Klosterman,

highly

1981;

Carpenter,

1978;

Carpenter and Trout,

1978; Collins, 1974) .

Inclusion Data--Baroque Dolomite

Eight homogenization temperatures for two-phase fluid

inclusions from post-compaction, poikilitic/void-fill baroque
(saddle) dolomite (Folk and Assereto, 1974; Radke and Mathis,

1980)

from the transitional diagenetic zone of southwestern

Arkansas were determined.

Homogenization

temperatures

range from 141.0° to 151.8°C with a mean of 149.0°C + 3.9

(Figure

23).

A

final melting point temperature

single

of -31.5°C was determined.

Petrographically, baroque dolomite in the upper Smackover
is a post-compaction,

late burial diagenetic product (Moore

and Druckman, 1981; Stamatedes, 1982).
(1980)

conclude baroque dolomite

Radke

is

and

Mathis

indicative of late

diagenesis and formation temperatures in the range of 60°
to

150°C.

Stamatedes

(1982)

observed baroque dolomite

to post-date zoned calcite cement
of southwestern Arkansas.

in the upper Smackover

Strontium isotopic data indicate

baroque dolomite formation post-dates poikilitic calcite
formation

(Stueber

87Sr/86Sr

ratios

and Pushkar,

1982;

Moore,

in press).

indicate baroque dolomite precipitated

HOMOGENIZATION TEMPERATURES
BAROQUE DOLOMITE
SOUTHWEST ARKANSAS
N=8
MEAN=149.0
STANDARD DEVIATION=3.9

c

Figure 23.

Histogram of temperatures of homogenization
for post-compaction, baroque dolomite
from Southwest Arkansas.
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from waters more
Smackover

similar

reservoir

in composition to present day

fluids

than

the waters

for poikilitic calcite precipitation
Homogenization temperatures
temperature estimates

Radke and Mathis

(Moore,

responsible

in press).

are within the range of

for baroque dolomite presented by

(1980)

and compare with homogenization

temperatures for inclusions from baroque dolomite presented

by Cunningham

(1981) .

In a study of the Lower Cretaceous

Cupido Formation in northeastern Mexico,

found a

Cunningham

(1981)

range in homogenization temperature from 93° to

174°C with a mean of 132°C and concluded the baroque dolomite
formed

from saline fluids at elevated temperatures in the

deep subsurface.
tation

fluids.

of

the

Temperature determinations reflect precipi

baroque dolomite from hot,

highly saline

The spread of homogenization temperatures possibly

indicates that the precipitation of the poikilitic calcite
may have overlapped with

precipitation.

the

earliest baroque dolomite

DISCUSSION OF TWO-PHASE FLUID INCLUSION DATA
Inclusions in Precompaction Early Diagenetic Phases
Petrographic and geochemical studies have established

that bladed, circumgranular calcite cements probably precipiitated

from meteoric

to mixed meteoric-marine waters at

surface temperatures and pressures.
indicates bladed
in origin.

calcite

Petrographic evidence

is precompaction

(pre-burial)

These cements should contain single-phase fluid

inclusions which are indicative of temperatures of formation

of less than 70°C

(Roedder,

grainstones, precompaction,

in the upper Smackover

1981) .

bladed calcites contain two-

phase fluid inclusions which indicate elevated temperatures

and pressures

of

formation

(Roedder

The presence of two-phase fluid

and Bodnar,

1980) .

inclusions is in direct

conflict with an early, precompaction origin for the bladed

calcite.
Temperature data from the two-phase fluid inclusions

within bladed calcite show a mean homogenization temperature
101.8°C

of
The

a

and a mean final melting point

temperature data

well

documented

imply

of -20.9°C.

that a mineral phase having

low-temperature

origin

waters has either physically readjusted

from meteoric
in the presence

of much higher temperatures and in the presence of fluids
of much higher salinity during burial or has recrystallized

and chemically re-equilibrated at depth.

However,

re-equi

libration through recrystallization does not seem to have
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occurred through solution and reprecipitation of the calcite,

as

the calcite retains

the morphological

precompaction, meteoric bladed cement.

the

features of a

It would seem that

inclusions within the precompaction calcite have been

physically ruptured and rehealed at elevated temperatures
in the presence of high-salinity

fluids

(after Roedder,

1976; Burruss and Hollister, 1979; Pecher, 1981).

Petrographic and geochemical

studies have established

the origin of precompaction, fabric-selective to non-fabric-

selective,

partial

to be of a

reflux

and

to

total

replacement dolomitization

mechanism at near-surface temperature

pressure conditions

(Moore,

1983).

Dolomitization

resulted from the reflux of highly saline brines from overlying

Buckner evaporites into the upper Smackover and the subsequent

the meteoric to marine connate pore waters

mixing with

(Moore, 1983).

Once again,

in origin.
expected

only

Petrographically, the dolomite is precompaction

and here,

type of

single-phase fluid inclusions are

single-phase fluid inclusions are the

inclusion observed.

The single-phase nature

indicates temperatures of precipitation of less than 70°C
(Roedder,

1981).

The absence of two-phase fluid inclusions

indicates the dolomite phase has not undergone physical
readjustment in response to physical and chemical conditions

encountered during progressive burial.
Fluid inclusion data from the precompaction diagenetic
phases may

indicate the existence of thresholds in the
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subsurface at which, existing earlier mineral phases, because
of

their physical structure or chemical makeup, begin to

physically

conditions

re-equilibrate with the physical and chemical

encountered during progressive burial.

The

physical readjustment does not seem to alter the morphology
of the host crystals.

The extent of chemical readjustment

during the re-equilibration is not known at this point.

Inclusions in Post-compaction Late Diagenetic Phases

Histograms of homogenization and final melting data

reflect the changing physical and chemical conditions affecting
upper Smackover sediments during progressive burial diagenesis

(Figures

24-28) .

The histograms

of precompaction calcites with
and more

saline

histograms

show

fluids

reflect the readjustment

the warmer

encountered

temperatures

during burial.

The

reflect progressive burial diagenesis as they

successive temperature populations

representative

of paragenesis of the post-compaction carbonates and sulfates
(Figures 24-28) .

The temperature populations for post-compaction diagenetic
minerals fall out in the histograms in a manner which closely

parallels the paragenetic sequence for the diagenetic events
which has been established for the upper Smackover through

previous petrographic and geochemical studies

With the onset of burial,

(Figure 9).

upper Smackover grainstones

were subjected to physical grain breakage and grain-grain
pressure solution.

These processes allowed subtle modifications

from Southwest Arkansas.

Southwest Arkansas

HOMOGENIZATION TEMPERATURES
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HOMOGENIZATION TEMPERATURES

66

from southern Mississippi.

HOMOGENIZATION TEMPERATURES

67

Figure 27.

Histogram of final melting points for diagenetic phases
from Southwest Arkansas.

FINAL MELTING POINTS
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in the composition of the connate pore waters to take place
which resulted in the initial precipitation of zoned equant

mosaic calcite cements

in press).

(Figure

During burial,

9)

(Fontana,

1983; Moore,

Mg-SO4-K rich basinal brines

migrated out of the Louann Salt into the upper Smackover

grainstones

(Carpenter and Trout,

1978;

Carpenter,

1978).

Precipitation of the zoned calcite continued as the zoned
nature of the calcite reflects precipitation from a fluid

as

the

fluid changes compositionally.

The large spread

of homogenization and final melting data indicate precipitation

of the

zoned calcite throughout and following compaction

under widely varying temperature conditions and from fluids
of widely varying salinity (Figures 24, 25, and 27) .

Successive

zones within the zoned mosaic calcites from southwestern
Arkansas show a

isotopic composition of

range in oxygen

-4.5 to -8.0 °/Oo (PDB) from older to younger zones (Moore,
in press).

Dickson and Coleman

(1980)

established such

a trend in zoned equant calcite and concluded calcite cemen
tation occurred over a range of temperatures during progressive
burial.

An evaluation of homogenization temperatures reveals

that the post-compaction, zoned calcite temperature population

is not statistically distinct from the precompaction, bladed
calcite temperature population, indicating physical readjustment

of

the bladed calcite under

the temperature conditions

at which zoned calcite precipitated
L-8a).

(see Appendix L;

Table

Final melting temperature populations for the zoned

71

calcite and the bladed calcite are statistically separate
populations with bladed calcites showing higher final melting

points and

thus,

Table L-8b) .

fluid salinities

lower

(see Appendix L;

The lower salinities for the bladed calcite

may indicate physical readjustment began slightly earlier
than zoned calcite cementation.

Non-fabric-selective, partial replacement dolomitization
began

after

the

onset

of

grain-grain pressure solution

and continued throughout and following compaction

9)

(Stamatedes,

compaction,

the

1982).

Homogenization data for the post

non-fabric-selective dolomite

homogenization data

(Figure

for

overlap with

the post-compaction,

equant mosaic calcite (Figure 24).

zoned

Temperature populations

of homogenization for the non-fabric-selective dolomite
and the zoned calcite are not statistically distinguishable

(see Appendix L;

Table L-18a).

Final melting temperatures

indicate non-fabric-selective dolomite precipitated from

very saline fluids

(Figure 27).

The dolomite occasionally

shows compositional zoning, reflecting that the dolomitization
occurred in the presence of a fluid that was evolving composi

tionally.

Temperature populations for final melting for

the non-fabric-selective dolomite and the zoned calcite

are statistically separate with the dolomite showing higher
salinities (see Appendix L; Table L-18b).
data

The final melting

indicate that dolomitization occurred from evolving,

highly

saline brines possibly

responsible

for the late
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stages of zoned equant mosaic calcite cementation.
The basinal brines from the Louann Salt which migrated

the upper Smackover during burial were sulfate rich

into

and were responsible for the precipitation of post-compaction,
replacement anhydrite and celestite
1981).

Petrographically,

(Moore and Druckman,

anhydrite and celestite appear

to have precipitated during and

following compaction and

can be seen replacing carbonate grains and cements

9)

(Stamatedes, 1982; Fontana, 1983).

(Figure

Temperature populations

of anhydrite and celestite for homogenization and for final

melting are not statistically distinct from the temperature
populations for zoned equant mosaic calcite and non-fabricselective dolomite

(see Appendix

L;

Tables L-20 and L-22).

The temperature data seem to indicate that the non-fabricselective dolomite,
and

celestite

all

period of burial.

zoned equant mosaic calcite, anhydrite,

formed during

approximately the same

The four phases appear to be associated

with grain-grain pressure solution and the initial influx
of Louann-type basinal brines.

Petrographically,

unzoned poikilitic calcite appears
late-diagenetic cement occurring

to be

a post-compaction,

after

zoned calcite cementation and non-fabric-selective

dolomitization

(Figure 9).

Petrographically,

the relative

timing of anhydrite and celestite precipitation and poikilitic
calcite precipitation is equivocal.

Temperature data indicate

poikilitic calcite precipitation at high temperatures and
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The unzoned nature would reflect

from highly saline fluids.

precipitation from a compositionally stable fluid.

tation

of

the poikilitic

calcite most

Precipi

likely occurred

simultaneouly with the completion of the replacement of

the

original upper

Smackover

by the influx of Louann brines

connate pore water system

melting temperature populations
calcite are statistically

Homogenization and final

.

for the unzoned poikilitic

separate from the temperature

populations for the zoned equant mosaic calcite (see Appendix

L;

Table L-15,

Temperature populations for the

a and b) .

unzoned poikilitic calcite and

the non-fabric-selective

dolomite are not statistically

separate

Table

L-19,

a and b).

(see Appendix L;

A multiple range test

that the final melting data for

indicates

the two are significantly

different,

but this

variance.

Temperatures of homogenization for anhydrite

is not observed with the analysis of

and celestite are statistically distinct from the temperatures

of

homogenization

L;

Tables L-23a and L-24a).

for anhydrite,

for poikilitic

celestite,

calcite

(see Appendix

Temperatures of final melting

and poikilitic calcite are not

statistically distinguishable (see Appendix L;
and L-24b).

Tables L-23b

Temperature data indicate that unzoned poikilitic

calcite cementation occurred predominantly after the precipi

tation of non-fabric-selective dolomite,
anhydrite,

and celestite.

zoned calcite,

Precipitation of the poikilitic

calcite possibly overlapped with the latest stages of non
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fabric-selective dolomitization.

Temperature data indicate

that unzoned poikilitic calcite cementation possibly overlapped
with the earliest stages of baroque dolomite precipitation.

Baroque dolomite occurs as the latest diagenetic mineral
phase as a post-compaction,

(Figure 9).

poikilitic/void-fill cement

Temperature data

indicate precipitation from

a very hot, very saline brine (Figures 24 and 27) .

Homogeni

zation data for baroque dolomite appear to be significantly
different from the homogenization data for unzoned poikilitic

calcite
does

(Figure 24),

for an analysis of variance.

not allow

range

test

but the small number of temperatures

A multiple

reflects a significant difference between the

homogenization temperatures of the two phases (see Appendix

L;

Table L-5a).

The one

final melting temperature for

baroque dolomite overlaps with the final melting temperatures
for unzoned poikilitic calcite and non-fabric-selective
dolomite.

Strontium

isotopic data can also be used to

establish the paragenesis

of baroque dolomite relative

to unzoned poikilitic calcite

isotopic data

in press).

Strontium

indicates baroque dolomite post-dates the

unzoned poikilitic calcite

Moore,

(Moore,

(Stueber and Pushkar,

1982;

The temperature data support the late-

in press).

diagenetic origin for baroque dolomite discussed by Radke
and Mathis

(1980)

and compare favorably with the experi

mental data of Gregg

(1982) which indicate baroque dolomite

formation at high temperatures.

The significant elevation
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of homogenization temperatures for baroque dolomite relative

to the earlier diagenetic phases

reflect

(Figure 24)

the presence of methane within

may, however,

the

inclusion.

Aliphatic acid anions, commonly present in formation waters

1978)

(Carothers

and Kharaka,

in

trapped within

fluids

and thus,

inclusions,

possibly present

undergo

thermal

decarboxylation at temperatures of 80° to 200°C and produce

bicarbonate and methane (Hanor, 1980)
section).

The

(see Pressure Correction

in situ production of methane within the

inclusion will increase internal pressures within the inclusion
and will

result

in elevated homogenization

temperature

determinations.
Inclusions from Arkansas Versus Inclusions from Texas

Plots

of final melting temperature versus homogeni

zation temperature are used to compare temperature data
for post-compaction phases which are present

and in Texas (Figures 29-31) .

of

in Arkansas

The plots reflect the presence

statistically distinct temperature populations

for

lower-temperature2, lower-salinity8 zoned calcites and for

higher-temperature2,

higher-salinity3 unzoned calcites

in Arkansas and in Texas

L;

Tables L-14

each of

(Figures 29 and 31)

and L-15).

(see Appendix

Temperature populations for

the post-compaction diagenetic phases in Arkansas

2Temperature of homogenization
^Decreasing final melting temperatures correspond
with increasing fluid salinities.
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Plot of homogenization temperatures versus final melting
temperatures. Southwest Arkansas.
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are not

statistically distinguishable from the temperature

populations for the same diagenetic phases in Texas (Figures

29-31)
L-25) .

(see Appendix L;

Tables L-9,

L-10,

L-16,

L-21,

and

The only exception is unzoned poikilitic calcite.

Final melting temperatures for poikilitic calcite in Arkansas

are statistically different from the final melting temperatures

for poikilitic calcite
L-10b,

L-16b,

in Texas

(see Appendix L;

Table

The temperature data indicate

and L-25b) .

that poikilitic calcite precipitated from less saline fluids

in Texas and from more saline fluids in Arkansas.

In

general,

late-diagenetic

mineral phases within

the upper Smackover in southwestern Arkansas and northeastern

Texas precipitated under conditions becoming progressively
warmer and more saline during burial.

Statistically distinct

temperature populations representing individual diagenetic
events reflect the changing physical and chemical conditions

during burial

in Arkansas

and

in Texas

(Table

2)

(see

Appendix L; Table L-15) .

In

general,

upper Smackover

carbonates

encountered

slightly warmer temperatures and slightly less saline fluids
in northeastern Texas during progressive burial as compared
to southwestern Arkansas (Table 2)

(the warmer temperatures

are not statistically recognizable)

(see Appendix L; Tables

L-10b, L-16b, and L-25b for statisticallydistinct salinities).
These slight differences

from Arkansas

as

in

temperature data noted above

compared to the temperature data from

80
Texas

for specific diagenetic mineral phases may reflect

differences in the rate of burial or in the thermal history
of

the

upper

Smackover

in

the

areas.

two

differences may also reflect variations

pore water

chemistry before,

during,

Temperature

in upper Smackover

and following the

migration of basinal brines into the upper Smackover grainstones

in each area.

FLUID SALINITY AND COMPOSITION
Composition and salinity of the fluid trapped within

a two-phase fluid inclusion can be inferred from the initial,

intermediate,

and

final melting

during freezing analyses.

temperatures determined

Final melting points above the

eutectic melting point of aqueous NaCl
to weight percent NaCl.

(-20.8°C)

correlate

Weight percent NaCl can be calculated

from the freezing point depression by means of an equation
presented by Potter,

eutectic;
(Crawford,

ice,

Clynne,

hydrohalite

1981).

and Brown

(NaCl-2H2O),

(1977).

Below the

and vapor co-exist

Final melting points below the eutectic

indicate the presence of other chloride species in addition

to NaCl.

Eutectic melting points

for chloride species

in aqueous solution are given in Table 3.
Final melting points range from -33.4°

to -13.5°C,

corresponding to salinities of approximately 17 to 27 weight

percent NaCl.

Initial and intermediate melting temperatures

determined during cooling analyses (Table 4) can be correlated
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Table 3.

PHASE DATA FOR AQUEOUS SOLUTIONS OF CHLORIDE
SPECIES

Dissolved Species

°C
Eutectic
Temperature

Eutectic
Composition

KC1

-10.6

SrCl2

-18.7

NaCl

-20.8

23.3 % NaCl

-22.9

20.17 % NaCl
5.81 % KC1

NaCl-KCl
•
MgCl2
NaCl-MgCl2

19.7 % KC1

-33.6

21.0 % MgCl2

-35.0

22.75 % MgCl2
1.56 % NaCl

FeCl2

-36.5

CaCl2

-49.8

30.2 % CaCl2

NaCl-CaCl2

-52.0

22.75 % CaCl2
1.8 % NaCl

CaCl2-MgCl2

-55.0

NaCl-CaCl2-MgCl2

-57.0
modified from:
Klosterman, 1981
Crawford, 1981
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Table 4.

INITIAL AND INTERMEDIATE MELTING TEMPERATURES
FROM FLUID INCLUSION FREEZING ANALYSES.
MELTING TEMPERATURES (°C)

MINERAL PHASE
calcite
dolomi te
dolomite
anhydrite
calcite
calcite
calcite
calcite
calcite
celestite
dolomite
calcite
calcite
celestite
celestite
calcite
calcite
calcite
calcite
calcite
calcite
calcite
calcite
calcite
calcite
•calcite
calcite
calcite
calcite
calcite
calcite

INITIAL

-47
-50

-55.0
-52.1
-55.0

-43
-43
-50
-51
-51
-51
-51
-41
-41
-41
-41
-41

INTERMEDIATE

-37.7
-37.6
-37
-42
-42
-42
-42
-42
-40
-42
-38.0

-40
-31.0
-31
-31
-31
-31
-40
-42
-42
-42
-42
-36
-36
-36
-36
-36
-33

FINAL

-27.7
-30. 2
-28.5
-28.6
-18.8
-22.1
-23.7
-27.8
-28.4
-27.1
-30. 2
-31.9
-28.1
-27.9
-24.6
-19.8
-20.4
-17.4
-16.9
-25.9
-31. 5
-26.5
-28.9
-31.1
-28.7
-27.0
-26.5
-26.1
-28.3
-28.6
-23.3
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the melting

with

points

for

various

chloride species.

A correlation between a specific chloride species’
point

and a

analysis

specific melting event during the freezing

implies

the presence

species within the fluid.
the trapped fluid

below -50°C

melting

the specific chloride

of

The presence of CaC12 within

is noted by melting which occurs at or

(Crawford,

The occurrence of melting

1981).

at -33.6°C and -36.5°C indicate the presence of MgC12 and
FeC12r

respectively;

but the presence of MgC12 and FeC12

is difficult to determine from freezing observations (Crawford,
1981).

Melting events occurring

in the range of -33° to

-28°C correspond to the melting of hydohalite

1981).

Compositions of fluids

(Klosterman,

trapped within inclusions

in zoned equant mosaic calcite, non-fabric-selective dolomite,
and unzoned poikilitic calcite, based on eutectic, cotectic,

and

final melting

data,

are presented graphically

ternary phase diagram having H2O,

as

end members

equant mosaic

(Figure 32).
calcite

50% CaC12,

on a

and 50% NaCl

Fluid trapped within zoned

shows a composition of 21 weight

percent CaC12 and 3 weight percent NaCl with a total dissolved
solid content of 22 weight percent.

Fluid trapped within

non-fabric-selective dolomite shows a compositon of 24.5

weight percent CaC12
total

and 4.5 weight percent NaCl with a

dissolved content of

26.5 weight percent.

Fluid

trapped within unzoned poikilitic calcite shows a composition

of

23.5 weight percent CaC12 and 3.5 weight percent NaCl
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Z---- Zoned Equant Mosaic Calcite

D---- Non-Fabric-Selective Dolomite
U----- Unzoned Poikilitic Calcite

Figure 32.

Phase diagram for a portion of the
CaC12-NaCl-H2O system with compositions
for selected diagenetic minerals plotted
from melting temperature data.
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with a

total

dissolved content of 24.5 weight percent.

Present day upper Smackover Formation waters are con

centrated Na-Ca-Cl brines averaging 28 weight percent total
dissolved

solids

(Moore and Druckman,

1981).

Based on

formation water data presented by Collins (1974), a Smackover

brine sample

from Fouke Field

in southwestern Arkansas

shows a composition of 47.5 weight percent NaCl, 1.6 weight

percent KC1,

3.5 weight percent MgC12r

percent CaC12«

A Smackover brine sample from Wood County

in northeastern Texas
of

and 47.4 weight

(Collins,

1974)

shows a composition

9.1 weight percent KC1,

66.0 weight percent NaCl,

2.7

weight percent MgC12, and 22.2 weight percent CaC12Compositions based on the final melting data indicate

early

(precompaction)

meteoric to mixed meteoric-marine

calcites have re-equilibrated in the presence of the highly

saline fluids encountered during burial.

late

(post

diagenetic minerals are thought to have been

compaction)
precipitated

burial.

The

from the concentrated brines evolved during

The brines are on the order of 9 times more concen

trated than seawater and 25
freshwater

(Klosterman,

times more concentrated than

1981).

Melting data indicate the

fluids trapped within the inclusions are CaC12

rich brines

with NaCl and probably MgC12 and FeC12 present as additional

chloride species.

PRESSURE CORRECTIONS AND MINIMUM DEPTHS OF PRECIPITATION

Primary two-phase fluid inclusions analyzed for this

study are assumed to have been entrapped as a single phase
at elevated temperatures and pressures

(Roedder and Bodnar,

The ambient formation pressure at the site of inclusion

1980).

trapping

formation at the time of
is a fluid pressure

is equal to fluid

Fluid

(Roedder and Bodnar,

is possible only

behavior

inclusions,

is hydrostatic,
1980).

as

it

Two-phase

if equilibrium vapor pressure

(hydrostatic)

pressure (Eadington, 1983).

which contain up to 20 weight % NaCl

and which homogenize within the range of 55° to 160°C,
have equilibrium vapor pressures on the order of 1 to 6

bars
of

(Klosterman,

the

1981;

after Haas,

late diagenetic minerals

1976).

suggests precipitation

following grain compaction and accompanying
grain-grain pressure solution.
history

(Nunn,

Smackover

1982)

Petrography

Studies of

and following

the thermal

and the burial history of the upper

indicate rapid burial after deposition.

Such

information would suggest that ambient formation pressures
were greater

than equilibrium vapor pressures at the time

of inclusion formation.

If inclusions are trapped at ambient formation pressures
higher than their vapor pressure, homogenization temperature
determinations will be lower than the true trapping temperature,
and a correction

(pressure correction)

must be added in

order to obtain a more reliable estimate of trapping temperature
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(Roedder and Bodnar,

1980).

based on the composition

and

The pressure correction is

(salinity)

of the trapped fluid

the fluid pressure at the time of entrapment.

The

fluid pressure at the time of entrapment is estimated from

the depth of cover at the time of trapping.
be determined

from the final melting point

Salinity can

(Potter,

and

others, 1978) .
The depth of

cover

at the time of trapping can be

estimated from thermal history and burial history studies
of

the Upper Jurassic stratigraphic sequence.

Nunn

(1983)

determined an Upper Jurassic geothermal gradient of 70°C/km

and a Lower Cretaceous geothermal gradient of 50°C/km for
the

northern Gulf Coast

(Figure C-3).

The present day

geothermal gradient is approximately 33°C/km

(Nunn,

1983).

Comparing the temperatures of homogenization fromprecompaction,
bladed calcite and post-compaction,

zoned equant mosaic

calcite with the paleogeothermal gradients,

the minimum

depths at which precompaction calcites began to be readjusted

and post-compaction calcites began to be precipitated can

be estimated.

Using an Upper Jurassic geothermal gradient,

readjustment of the early diagenetic calcite and precipitation

of the late diagenetic zoned calcite began at a minimum
depth of 1.2 kilometers.

gradient with a
oxygen

Using an Upper Jurassic geothermal

temperature of

formation calculated from

isotopic data for the post-compaction,

mosaic calcite,

zoned equant

precipitation of the late diagenetic zoned
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calcite began at a minimum depth of 1.1 kilometers.

the depth of formation for the late

An estimate for

diagenetic minerals can. be made by a comparison of homogeni

to plots diagramming the burial history

zation temperatures

Burial history curves

of the Smackover Formation.
versus age)

(depth

for the Smackover have been generated by means
(see Appendix C,

of backstripping

Backstripping studies

Figures C-l and C-2) .

indicate late diagenetic minerals

precipitated at minimum depths over the range of 950 to

1750 meters (see Appendix C).
Once the salinity and fluid pressure at the time of
trapping can be

estimated,

the pressure correction can

be determined from pressure correction diagrams for various

weight % NaCl-H20 systems that have been generated by Potter
(1977) .

Pressure corrections vary from 11° to 17°C for

inclusions

the earliest diagenetic phases

within

re-equilibrated/precipitated.

to be

Pressure corrections vary

from 20° to 28°C for inclusions within the latest diagenetic

phases to be precipitated.

Homogenization temperatures determined in this study
are presented and

interpreted without pressure corrections

having been added.

NaCl-H20

systems

Pressure corrections based on a pure

cannot be applied

which are not pure NaCl-H20 systems.

to fluid

inclusions

Burruss (1981) concludes

homogenization temperatures are best interpreted as minimum
temperatures

of

formation,

as pressure corrections

can
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be extremely

Care must be used

inaccurate.

in applying

pressure corrections based on NaCl-H2O systems to inclusions
possibly

(Hanor,

anions

dissolved

containing

The presence of dissolved methane

1980).

and aliphatic acid

gases and aliphatic acid

anions

in formation waters from the

central Gulf Coast region has been noted by Hanor
and documented by Carothers and Kharaka (1978) .
present,

(1980)

With methane

homogenization takes place along the bubble point

and not along the bubble point curve

curve for CH4-H2O,

for H2O

(1980)

1980).

(Hanor,
found

if

In the example presented,

the presence of methane

is

Hanor

neglected,

temperatures of homogenization can be too high by possibly

30°C.
Carothers and Kharaka

(1978)

postulate that aliphatic

acid anions are able to form methane and bicarbonate through
thermal decarboxylation at temperatures of 80° to 200°C.
Hanor

(1980)

explains that if aliphatic acids are present

in the trapped fluids and subsequently form methane within

the

inclusion

(in

situ)

through thermal decarboxylation,

the temperature of homogenization will be increased, yielding
an

erroneously

high

temperature of homogenization

even

before a pressure correction is added.

The presence

in

this study

of methane in the inclusions analyzed

could not be determined.

The

inclusions

have not been analyzed either through crushing or through
Raman spectroscopy.

The presence of dissolved gases can

90
be

noted by

formation of clathrate hydrates during

the

final melting analyses
solids

formed by

liquids with

a

(Manor,

1980).

Gas hydrates are

the combination of gases and volatile

large excess of water

(Davidson,

1972).

The molecules occupy voids within the lattices of hydrogen
bonded water molecules

(Davidson,

1972).

CO2,

CH4,

H2S,

S02, and C2H6 are among the gases capable of forming hydrates.

In

the inclusions,

clathrate hydrates are noted as solids

which persist after the last ice crystal has melted.

The

hydrates melt at higher temperatures, with melting occurring

at temperatures up to 20°C
Of

the 235

inclusions

(Hollister and Burruss,

studied,

1976) .

clathrate hydrates were

formed during the final melting analysis of only five inclu

sions.

Klosterman

(1981)

noted the presence of hydrates

in inclusions from poikilitic calcite from the upper Smackover.
The hydrates were identified as possibly CH4 or C2H6 clathrates
or as possibly poorly structured, complex hydrated salts.

STABLE ISOTOPE PALEOTHERMOMETRY AS COMPARED TO MICROTHERMOMETRY

A number of carbonate diagenetic mineral phases from

the upper Smackover

of

southwestern Arkansas have been

analyzed for carbon and oxygen isotopic composition

(Table

5) as part of studies by Moore and Druckman (1981) , Stamatedes
(1982),
number

and Moore

intervals

of

In the present study,

(in press).

for which stable

a

isotopic data were

available were chosen for fluid inclusion analysis in order

to compare temperature estimates of crystal formation possible
from the two analyses.

The oxygen isotopic composition of a carbonate mineral

can be used to calculate a probable temperature of formation
for

the

crystal.

The

temperature estimate

through a calculation based on the

grain and the

is possible

value of the carbonate

^80 value of the formation water from which

the crystal precipitated.

Knowing the

two

values,

the

formation temperature of inorganic calcite can be calculated

using an equation presented by Friedman and O'Neil (1977):
1000 In

=

1000 In

=

T

The

=

[2.78 X 106

(T-2)] - 2.89

180 calcite (SMOW) -

180 water (SMOW)

o Kelvin

formation temperature of dolomite can be calculated

using an equation presented by Matthews and Katz
1000 In

=

[3.06 X 106

1000 In

=

180 dolomite (SMOW) -

=

° Kelvin

T
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(1977):

(T“2)] - 3.24

180 water (SMOW)
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Table 5.

Stable Isotopic Data for Upper Smackover Carbonates,
Southwestern Arkansas.
(PDB)
MINERAL PHASE
WELL
DEPTH
OXYGEN
CARBON
180
13C
(feet)

non-fabric-selective
dolomite^

Fouke

Clements
Taylor

9661
9676
10747
10751
10794

-4.6
-4.0
-4.9
-4.2
-3.4

+4.6
+ 5.0
+ 5.0
+4.5
+ 3.4

baroque dolomite^

Clements

10732
10748

-4.88
-6.6

+1.56
+3.1

zoned mosaic calcite3

Clements

10728

-5.1
-4.9
-4.7
-4.7
-4.6
-4.5
-4.5
-8.0
-7.4
-7.4
-5.2
-4.6
-4.5
-4.5
-4.5

+3.0
+3.0
+3.0
+ 2.8
+ 2.9
+3.0
+ 2.6
+3.0
+ 2.8
+ 3.1
+ 3.0
+ 3.5
+ 3.1
+2.9
+3.3

-6.3
-5.6
-6.9
-6.7
-6.1
-6.0
-6.4
-6.3

+ 3.1
+ 3.0
+3.6
+2.6
+ 3.3
+2.8
+3.2
+ 3.5

*
10748

unzoned poikilitic
calcite^

9748-52
9970-74
10321.5
10380
10849
10819
Nations
Tract 22#3 10901-06
10947
McFadden

#1 IPC
Deltic
Crump
Tract 6#2

1
2
3

(Moore and Druckman, 1981)
(Stamatedes , 1982)
(Moore, in press)
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Using

isotopic compositions from Table 5 and an

the

oxygen isotopic composition of +5.5 °/oo (SMOW) for Smackover

Formation water during precipitation, temperatures of formation

can be calculated

zoned equant mosaic calcite,

for

fabric-selective dolomite,

unzoned poikilitic calcite,

(Table 6).

and baroque dolomite

non

The +5.5 °/oo (SMOW)

value

is a mean value of several analyses of present day Smackover

reservoir fluid samples
a

from Mount Vernon Field located

few tens of kilometers east of the study

area

(Moore

and Druckman, 1981) .
From Tables 6

and 7,

the means and the ranges of the

temperatures of formation for each of the phases, as determined
through homogenization

analyses,

are noticeably

higher

than the means and the ranges of the temperatures of formation

as calculated

from oxygen

isotopic data.

The means from

the homogenization temperatures are from 35° to 55°C higher.

Ranges of
wider

the homogenization

(except for

temperatures

are

slightly

non-fabric-selective dolomite which has

a much wider range) and are higher than the ranges calculated

from oxygen

isotopic data.

There is very minor overlap

of the two ranges for any of the diagenetic mineral phases
(no overlap of the two ranges for baroque dolomite).

The discrepancy between the

isotope

and

the

fluid

J

inclusion temperatures has not been completely resolved.
The use of

the

180

value of the present day Smackover

reservoir fluid sample

is not without reservation.

How
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Table 6.

Comparison of Homogenization Temperatures (Means)
to Calculated Temperatures of Formation based on
1 0 Data (Means) for Diagenetic Phases, Southwestern
Arkansas.

MINERAL PHASE

zoned mosaic calcite
unzoned poikilitic
calcite
non-fabric-selective
dolomite
baroque dolomite

T°C(H)

TOct18©)1

110.4
128.7

76.02
84.22

34.4
44.5

108.4
119.3

2.0
9.4

119.4

82.13

37.3

112.8

6.6

149.0

94.13

54.9

128.5

20.5

T°C(38O)4 DELTA

DELTA

!80 water = +5.5
(Moore and Druckman, 1981)
(Friedman and O'Neil, 1977)
(Matthews and Katz, 1977)
water = +9.2
(data from Land and Prezbindowski, 1981)

1
2
3
4

Table 7.

Comparison of Ranges of Homogenization Temperatures
to Ranges of Calculated Temperatures of Formations
based on 18C Data for Diagenetic Phases, Southwestern
Arkansas.

MINERAL PHASE

zoned mosaic calcite
unzoned poikilitic
calcite
non-fabric-selective
dolomi te
baroque dolomite
1
2
3
4

Temperatures^

(h)

Temperatures (l8O)2

90.0-125.3
112.7-138.7

70.0-99.63
78.5-89.53

84.2-150.8

76.0-87.34

87.2-101.54

141.0-153.8

°C
180 water = +5.5
(Moore and Druckman, 1981)
(Friedman and O'Neil, 1977)
(Matthews and Katz, 1977)

Table 8.

Calculated Oxygen Isotopic Values (°/oo SMOW) for
a Precipitating Fluid Based on the Known Mean
Homogenization Temperature and the Known Mean Oxygen
Isotopic Composition of the Diagenetic Mineral Phase.

DIAGENETIC MINERAL PHASE

zoned mosaic calcite
unzoned poikilitic calcite
non-fabric-selective dolomite
baroque dolomite

CALCULATED

180 VALUE (WATER)

+9.41
+10.18
+9.90
+11.01
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representative present day Smackover Formation fluids are
of

the

responsible

fluids

diagenetic mineral

phases

water certainly changed

for

the precipitation

is not known.

of the

Smackover pore

from deposition to

in character

deep burial as evidenced by zoned crystal growth in some

of the postcompaction diagenetic mineral phases,

thus

it

is probable that the Smackover Formation fluids have continued
to evolve compositionally since deep burial.

The evolution

of the pore waters can also be noted in the oxygen isotopic
data of zoned mosaic calcite cements.

(1980)

Dickson and Coleman

reported pore water evolution during burial based

on oxygen isotopic data from individual zones of the zoned

calcite cement.

Dickson (unpublished data, 1982) documented

the occurrence of

zoned equant mosaic calcite in the upper

Smackover and analyzed the zones for stable isotopic content.
Dickson found oxygen
lighter through

isotopic values became progressively

successively younger zones,

ranging from

-4.5 °/oo to -8.0 °/oo (Moore, in press).
A detailed

of Smackover

study of the oxygen isotopic composition

reservoir

fluids from southwestern Arkansas

and northeastern Texas would give valuble

insight

into

the origin and evolution of brines in the upper Jurassic

formations of the Gulf Coast.

A small sampling of Smackover

reservoir fluids from the Florida Panhandle range in oxygen
isotopic composition from -0.9 °/oo to +^.7 °/oo

(SMOW) ,

but the data is considered suspect (Vinet and Sailer, personal
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communication).

Land (personal communicat ion with C. H. Moore)
values of +6.2 °/oo,

has reported

°/oo

(SMOW)

basin.
values

and +5.1

for Smackover brines from the Mississippi

Land and

Prezb indowski

37 brine samples

of

mean of +9.21

(1981)

salt

have reported

°/oo to +29.6 °/oo

ranging from -3.6

carbonates

+5.8 °/Oo,

(SMOW)

for

from the Lower Cretaceous Edwards Group

south-central Texas.

°/oo

The

samples have a

and show a cluster of oxygen isotopic

values between +5 °/oo and +15 °/oo.

Using a heavier oxygen

isotopic composition such as the mean of the values Land
reports from the Edwards Group brines, formation temperatures
calculated for the diagenetic mineral phases become closer

in
for

agreement with

the individual

the mean homogenization

temperatures

diagenetic mineral phases

(Table 6).

As a check on the validity of using a heavier oxygen isotopic
composition for the water, mean temperatures of homogenization
for the diagenetic mineral phases were used with the oxygen

the diagenetic mineral

isotopic compositions of

to solve the equations of Friedman and O'Neil

Matthews and Katz (1977)

phases

(1977)

and

for the oxygen isotopic composition

of the precipitating water.

The results (Table 8)

indicate

a precipitating fluid heavier in oxygen isotopic composition
than present day Smackover reservoir

to Edwards Group brines

in oxygen

fluids

and similar

isotopic composition.

Calculated values range from +9.4 °/oo to +11.0 °/oo
and

reflect

chemical

evolution of

(SMOW)

the formation waters

97

during burial diagenesis.
Another means of establishing the temperature of formation
180 of the precipitating water would be to solve

and the

the calcite equation
dolomite equation
for

and dolomite

1977)

(Matthews and Katz,

unknowns,

the two

concern

(Friedman and O'Neil,

(Aharon,

in using

1977)

and the

simultaneously

using data from cogenetic calcite
personal communication) .

the method

is being able

The major

to establish

the cogenetic origin of the calcite phase and the dolomite

phase used.

study,

Of

the calcite and dolomite phases

post-compaction,

post-compaction,

zoned equant mosaic

non-fabric-selective,

in this

calcite and

partial replacement

dolomite are the most likely calcite and dolomite phases
possibly forming cogenetically.

Using

l80 data from the

zoned calcite and

the non-fabric-selective dolomite from

one well

Harold Clements)

(Lear #1

analyses are available

for

where fluid inclusion

the same phases at the same

intervals for which there are oxygen

isotopic analyses;

a formation temperature of 128°C and a

l80 value of +10.4

°/oo

(SMOW)

for the precipitating water can be calculated.

Using oxygen
wells

isotopic data from the two phases from two

(Lear #1

Harold Clements and Pennzoil #1 Taylor),

a formation temperature of 89°C and a

of +6.5 °/oo can be calculated.

^-80

water

value

These values compare with

ranges of homogenization temperatures for the two mineral
phases and are similar to reported oxygen isotopic values
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for Upper Jurassic and Lower Cretaceous carbonate reservoir

brines.

The lack of a thorough characterization of the oxygen

isotopic composition of Smackover Formation waters
major constraint on

is the

reconciling the discrepancy between

homogenization temperatures and calculated temperatures
of formation.

The methodology involved in the two analyses

might also account for the temperature discrepancies.

CONCLUSIONS

Temperature data

from 235 two-phase fluid inclusions

within diagenetic mineral phases from the upper Smackover
of
the

southwestern Arkansas and northeastern Texas

diagenetic

history

of

the

reflect

sequence during burial.

Homogenization temperatures range from 83.0° to

153.8°C

final melting

points range from -33.4° to -13.5°C.

Final melting data

indicate trapped fluids with salinities

and

of 17

to 27 weight percent NaCl.

melting data

Initial and intermediate

indicate the trapped fluids are CaC12 brines

with NaCl and possibly MgC12 and FeC12 as additional chloride

species.

Temperature data,

in conjunction with thermal

history and burial history studies,

indicate that the late

diagenetic phases within the upper Smackover precipitated
at minimum depths

in the range of 0.95 to 1.75 kilometers

during Aptian-Barremian times of the Lower Cretaceous.
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Heating and freezing analyses of two-phase fluid inclusions
from critical diagenetic mineral phases well established

and well constrained within the upper Smackover paragenetic
sequence, yielded stat istically d istinct temperature populations

for each of the post-compaction mineral phases,

discrete diagenetic events.
temperature populations

indicating

The statistically distinct

indicate that the two-phase fluid

inclusions have not undergone a wholesale continuous re-equili

The temperature populations for

bration during burial.

post-compaction phases tend to parallel

the paragenetic

sequence established through petrography and geochemistry,

reflecting, inorder, the precipitation of non-fabric-selective
dolomite, zoned equant mosaic calcite, replacement anhydrite,
replacement celestite,

unzoned poikilitic

calcite,

and

Temperature data for post-compaction

baroque dolomite.

diagenetic minerals

also

indicate the correlation of

a

subtle increase in crystal size and change in cement nature
from intragranular to intergranular with increasing temperature

and salinity (see Appendix B).
The presence

two-phase

fluid

bladed calcite cements

precompaction
temperatures

of

inclusions
formed

at

within

surface

and pressures indicate physical readjustment

of the early diagenetic calcite at elevated temperatures
and pressures.

Temperature data from the bladed calcite

indicate the calcite has physically re-equilibrated with
high-temperature,

high-salinity conditions

encountered
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The

during burial.
is not known,

as

of

extent

chemical

re-equilibration

there has not been any observable change

in the original morphology of the bladed cements.

Single

phase fluid inclusions within precompaction, fabric-selective

to

non-fabric-selective dolomite

diagenetic dolomite

has

indicate

not physically

that

early

readjusted with

physical and chemical conditions encountered during burial.
The wide ranges of homogenization and final melting

temperatures for two-phase fluid inclusions from the various

post-compaction diagenetic minerals of the upper Smackover

are not anomalous.
events are not

periods of

instantaneous, but occur over considerable

time under continually changing physical and

chemical conditions.
stable isotopes,

a

During progressive burial, diagenetic

Dickson.and Coleman

(1980),

studying

noted zoned calcite cement occurring over

range of temperatures,

reflecting the progressive burial

of the carbonate

sequence.

yield reasonable

minimum

Homogenization determinations

temperatures of precipitation

for the post-compaction diagenetic phases.

The temperatures

of formation determined from microthermometry compare favorably
with the paleotemperatures of formation determined from
oxygen

isotopic data

isotopic compositions.

using

reasonable

formation water

The wide range of

final melting

points for the post-compaction diagenetic phases reflects

the progressive change of upper Smackover pore-water composition
from a combination of meteoric and marine waters to a brine.
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Fluid

inclusion study within carbonate minerals

a viable tool

rock

for diagenetic studies of ancient carbonate

sequences.

can reflect

is

Temperature data from fluid

inclusions

the changing physical and chemical conditions

during carbonate diagenesis and the relative paragenesis

of diagenetic mineral phases.

The study of fluid inclusions

should be carried with great deliberation in order to firmly
establish the origin of the inclusions, to compile a funda

mentally sound and

statistically significant data base,

and to properly interpret the data.

are most appropriately

carried out

Finally, these studies
in conjunction with

other methods of study, such as petrography and geochemistry,

in order to establish interpretations which can be corroborated
by independent methods.
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APPENDIX A

NATURE OF THE FLUID INCLUSIONS
Throughout the study,

late-diagenetic

suitable inclusions within the

mineral phases have been

(post-compaction)

considered primary and pseudosecondary in origin,

inclusions within

the early-diagenetic

while

(precompaction)

mineral phases have been considered secondary in origin

due to re—equi1ibration.
are based
1981).

on

The

The identifications of the inclusions

a classifications by Roedder
inclusions

(1976,

1979,

found suitable for study did not

show obvious physical evidence of

leakage,

stretching,

Homogenization data did not reveal any

or decrepitation.

evidence of stretching through anomalously high temperatures

The small size of the inclusions might

of homogenization.

possibly reflect on the absence of stretching.

In quartz,

inclusions of smaller and smaller dimensions can withstand
greater and greater internal pressures (pressure difference
/
of internal pressure and confining pressure) and not decrepitate

(Roedder,

1981).

Roedder

(1981)

reports quartz inclusions

on the order of 12 microns can withstand a pressure differenc

of

1200

bars

(after Leroy,

1979)

and quartz

inclusions

on the order of 1 micron can withstand a pressure difference

of 6000 bars
concluded

(after Swanenberg,

that

high pressures,

the
is

1980).

Klosterman

of calcite,

(1981)

even

at

slight and the thermal expansion

of

compressibility
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calcite at high temperatures is negligible.
The presence of

inclusions within

zoned carbonate crystals,

inclusions.

fluid

which have not undergone recrys

can also add support to a primary origin for

tallization,

the

late-diagenetic

from the

Temperature data

zoned

diagenetic phases reflect changing conditions of precipitation

and not continued re-equilibration with the changing temperature

conditions.
The possibility

that

the

inclusions

are

secondary

in origin must be addressed because the inclusions do occur
in soft,

easily cleavable minerals

sedimentary sequence.

in a moderately buried

The presence of statistically distinct

temperature populations

for the various diagenetic mineral

phases does not reflect a wholesale re-equilibration of

the inclusions with present day bottom-hole temperatures.

The populations fall out in a manner mimicking the paragenetic
sequence which has been developed for the diagenetic mineral

phases through petrography and geochemistry.

If the inclusions

are secondary in origin, the individual temperature populations
are still representative of paragenesis.

Re-equilibration

has occurred in a step-like fashion, stepping up all inclusions
present at

the time of re-equilibration equally.

Because

the inclusions are stepped up equally, relationships established
between the

inclusions during initial entrapment have not

been disrupted.
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APPENDIX B
TEXTURAL IMPLICATIONS OF TEMPERATURE DATA

Temperature data from fluid inclusions reveal interesting

trends when correlated to crystal size and cement occurrence
information from the mineral grains in which the inclusions

Using crystal grain size data from petrographic

occur.

studies,

a

very subtle trend of

increasing crystal size

with increasing homogenization temperature and

increasing

fluid salinity can be noted for the post-compaction diagenetic
minerals.

Earlier

finer grain size,
lower

post-compaction phases

tend

to

lower homogenization temperature,

fluid salinity.

show
and

Later post-compaction phases tend

to show coarser grain size, higher homogenization temperature,

and higher fluid salinity.

Using cement occurrence, relationships of intragranular
crystals to inclusions with lower homogenization temperatures
and lower fluid salinities and relationships of intergranular
crystals to inclusions with higher homogenization temperatures

and higher fluid salinities can be established.

Inclusions

from intragranular crystals yield 41 homogenization temperatures

which range from 83.4° to 145.8°C with a mean of 117.5°C.
Inclusions from intragranular crystals yield 14 final melting

points which range from -28.6° to -16.9°C with a mean of

-23.3°C.

Inclusions

134 homogenization

from

intergranular crystals yield

temperatures which range

to 153.8°C with a mean of 125.1°C.
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from 84.2°

Inclusions from inter-

116
granular crystals yield 38

final melting points which range

from -33.4° to -18.8°C with a mean of -27.7°C.

of variance

indicates the two populations,

An analysis
intragranular

and intergranular, are significantly different (see Appendix
L) .

The trends
whole data set.

as noted are general trends based on the

These observations may reflect a textural

paragenesis which may accompany mineralogical paragenesis

during burial diagenesis.

APPENDIX C

BURIAL HISTORY OF THE SMACKOVER
The process

of

burial history of
establishes

loading,

backstripping

is used

the Smackover Formation.

to model

Backstripping

the contribution of sediment loading,

and tectonism to total subsidence

(Watts,

The theory of backstripping and the methodology
have been discussed

by Watts and Ryan

the

(1976),

water

1981).

involved

Steckler

and Watts (1978), and Watts (1981).

Burial history plots

for

the Humble #1 Calfee well

from northeast Texas and the Feazel #1 Fouke well
southwestern Arkansas

respectively.

C-2,

age versus depth.

are presented

in Figures C-l

and

Burial history is shown by a plot of
Points on the plot represent

individual

stratigraphic units which have been backstripped.
stripping computer

from

program,

developed by Dr.

A back-

Jeff Nunn

at Louisiana State University, was used to generate the

plots.

Points for individual stratigraphic units are plotted

as a function of

the number of units to be stipped,

of deposition of the unit
of the unit

(km),

(m.y.b.p.),

initial porosity,

depth to

the

time

top

characteristic depth

(km), and sediment grain density.

The upper curve represents subsidence due to tectonism. The

middle curve represents subsidence due to water
The lower curve represents total

subsidence.

loading.

The plots

terminate at the age of sediments presently occurring at
117
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HUMBLE #1

CALFEE

Burial history curve for the Smackover
from the Humble #1 Calfee, Northeast Texas.
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No uplift is documented by the backstripping.

the surface.

The plots reflect continued subsidence.

The plots are

interpreted

through the use of paleo

geothermal temperature gradients (Figure C-3) and temperature
history curves

(Figure C-4)

section present
and

in

developed for the stratigraphic

the subsurface of northern Louisiana

southern Arkansas

by Nunn

(1982).

The data result

in an estimated range of depth of formation of the late
diagenetic

of 950

to

(deep burial)

1750 meters.

depths of formation.

cements of the upper

These depths represent minimum

This depth range agrees with formation

depths based on microthermometry

in press)

Smackover

(Klosterman,

1981; Moore,

and agrees with the placement of precipitation

of the late diagenetic phases during Aptian-Barremian times
of the Lower Cretaceous by Moore (in press).
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Past and present geothermal gradients for
the subsurface of southwestern Arkansas
(after Nunn, 1982).
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Figure C-4.

Temperature history curves for subsurface
formations in southwestern Arkansas
(after Nunn, 1982).

APPENDIX D

SAMPLE PREPARATION
Normal

preparation.

thin

sectioning techniques are used

in sample

Preparation of sections for microthermometry

differs from normal thin sectioning in the amount of heating
the rock sample is subjected to and the care used in cutting,

grinding,

and polishing.

For

this

study

rock

sections

were doubly polished and mounted on cover slip glass for

analysis.
The rock chip

is

a cover slip glass.
continuous manner

the saw.

trimmed to fit within the edges of

Cutting should be

in a methodical,

to minimize damage to the rock and to

One surface of the chip is ground evenly on glass

plates using medium,

fine and very fine grits.

The surface

is polished on a cloth covered lap wheel using 0.05 micron

powder.

The chip should be allowed to dry thoroughly at

room temperature.
After drying,

the chip should be warmed at low heat

(never to the point of being too hot to handle) .

An even

layer of Hilquist thin sectioning epoxy should be applied
onto the polished surface.

The cleaned surface of a cover

slip glass should be pressed into the epoxy.

Any air bubbles

trapped in the epoxy can be pressed out by applying pressure

to the glass with a pencil eraser.
allowed to cure at room temperature.

The epoxy should be
Once dried,

slip glass should be cleaned of all excess epoxy.

123

the cover
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A plate of thin section glass should be cleaned and
to melt paraffin.

heated until warm enough

Paraffin is

then rubbed onto the thin section glass until an even coat
of melted paraffin

cover slip glass

is present.

The clean surface of the

(rock chip mounted on the other surface)

then pressed into the melted paraffin.

is

Upon cooling,

the cover slip glass becomes bonded to the thin section

glass.

After the wax has set, excess wax should be removed.

the rock

Thin sectioning of

using

a Hilquist

sample can now be done

thin sectioning trim saw and grinder.

cutting and grinding should be carried out

Once again,

as smoothly and gently as possible to minimize damage to

the

rock

sample

and

The cut surface of

to

the

the
rock

sectioning apparatus.

thin

sample

is ground evenly on

glass plates using fine and very fine grits.
is polished using

the cloth covered lap wheel with the
After the proper thickness and the

0.05 micron powder.
proper polish has

The surface

been attained,

the section should be

warmed at low heat until the paraffin melts and the cover

slip glass

(with

thin section glass.

To

aid

the rock

section)

slips apart from the

Each glass should be cleaned and dried.

in handling before temperature analysis,

slip glass should

the cover

be remounted on the thin section glass

using clear tape.

The rock

section should be

mixture of Alizarin

red

S

lightly

and potassium

stained with

a

ferricyanide.

125
The staining process is carried out in the manner presented

by Dickson

and by Stamatedes

(1966)

(1982).

The

stain

to dry thoroughly at room temperature.

should be allowed

Handling should be done by the edges only as

the stain

will smear easily.

After
and

any

the section has been described petrographically

identified,

inclusions

sketched,

and

labelled;

the portions of the cover slip glass containing suitable

inclusions can be

cut out using a grinding disc attached

It is desired that each fragment contains

to a power drill.

a minimum number of grains with fluid inclusions for analysis.

APPENDIX E
.

PETROGRAPHIC TECHNIQUES

Each prepared

section has been described

in

terms

of mineralogy, texture, grain type, cement type, and occurrence

of two-phase fluid

inclusions through the use of a Leitz

binocular petrographic microscope having a maximum total
magnification of 500x.

Point counts (200 to 300 per section)

were made to aid in establishing petrography and to document

the occurrence of two-phase fluid inclusions within individual

diagenetic mineral phases.

sketched,
see

and measured.

if leakage or

Fluid inclusions were identified,
Inclusions were also checked to

necking down might possibly have taken

place during diagenesis.

APPENDIX F

DESCRIPTION OF HEATING-COOLING STAGE

Final

melting point and homogenization

temperature

determinations were made on a LINKAM TH600 heating-cooling
stage used within the Applied Carbonate Research Program

at Louisiana State University.

(1981)

Shepherd

presented

the initial development and design of the LINKAM TH600.

The apparatus used in this study has been described and
its operation discussed by Carter (1982).

The system features

a heating-cooling stage and an automatic programmable temper

ature control with

a digital

temperature display.

The

stage is mounted on a Lietz—Wetzler binocular petrographic

The microscope is fitted with an L20/ 0.45

microscope.

long

focal

objective.

length condensor and an L32/0.40
A 10x ocular

magnification of

resulting

in a

total

The stage consists of a double

320x.

cell with upper and lower glass windows

walled thermal
and centrally

is used,

long focus

located

thermal

silver

block.

The upper

window is double to allow dry gas to be circulated in order

to reduce the amount of condensation at low temperatures

and to act as a coolant at high temperatures.

The sample

sapphire window mounted in the center of

chip rests on a

the thermal block for illumination and for thermal conduction.

subambient temperatures

Cooling to
circulating an

is

oxygen-free nitrogen gas,

liquid nitrogen,

through

the thermal block.
126

achieved by

pre-cooled

by

Nitrogen gas
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is

it through a copper coil

cooled by passing

in a ten

cooling,

liter dewar containing liquid nitrogen.
dry nitrogen

immersed

During

is used to ventilate the upper and

lower windows in order to keep them free of condensation.

Heating is achieved by energizing a resistance heater located
within the thermal

gas

block.

During heating,

dry nitrogen

is used to ventilate the upper window to protect from

the high temperatures.

Temperature variations within
accomplished through

thermal conduction through

conduction between the chip and

temperature sensor

is

the sample chip are
thermal

the thermal block.

The

a high precision platinum resistor

located adjacent to the sapphire window within the thermal
block.

The automatic programmable
enables

control

over

temperature control unit

the rate of temperature change by

allowing one to vary to the power to the resistance heater.
A control panel offers the choice of 27 different linear

rates ranging from 0.1° to 90°C per minute.

A rate of

0.5°C per minute should be used when observing phase changes

within inclusions in order to insure equilibrium conditions.

The LINKAM TH600

is designed for microthermometric

analysis over the range of -180° to 600°C.
control

The temperature

unit has a maximum resolution of 0.1°C over the

range of -180° to 200°C and a maximum resolution of 1.0°C

over the range of

200° to 600°C.

APPENDIX G

CALIBRATION OF HEATING-COOLING STAGE

The.LINKAM TH600 is calibrated for final melting point

and homogenization

temperature determinations

through the

analyses of standard melting point substances having known
melting temperatures.
out

by

Calibration of the unit was carried

according to procedures established

MacDonald and

Spooner

(1981)

for the LINKAM

and by Carter

(1982).

For temperatures below 0 C, organic liquids available through

J. T. Baker Chemical Company and through Matheson,
and Bell Manufacturing Chemists were used.

Coleman,

The standards

used in calibrating along with their known melting temperatures

and the results

of

the calibration may be found in Table

G-l.
Melting

temperature determinations were made with

the standards confined within capillary tubes and within

microplates.

Through

sample size,

container

the

two

size,

analyses,

the effects of

and horizontal and vertical

temperature gradients on the melting temperatures can be

established.

The results of the calibration are graphically represented
by plotting the difference of the observed melting temperature

and the known melting temperature versus the known melting
temperature

(Figures G-l

and G-2) .

The calibration data

from Carter (1982) is included in the diagrams for comparison.
The data

indicate an accuracy of 1% of the known melting

128
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Table G-l.

CALIBRATION DATA

Standard

Melting Temperatures

known

capillary tube

(°C)

microplate

1982

1983

1982

-25.2

-26.5

-25.7

-25.6

-25.7

-9.6

-

9.7

-

-9.3

0.0

-0.2

0.1

-

Azobenzol

68.0

69.7

68.5

68.3

67.8

Benz i1

95.0

97.5

97.7

95.9

96.2

Acetanalid

115.0

118.0

117.9

114.8

115.9

Phenacetin

135.0

139.0

138.3

135.9

136.4

O-xylene ..

Dodecane
Water

1983

-
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temperature

relative

to Kelvin

For

determinations are accurate to

temperatures up to 150°C,

within 1.0°C.

temperature scale.

For temperatures down to -50°C, determinations

are accurate to within 0.5°C.

<

APPENDIX H

.

METHODS OF HEATING-COOLING ANALYSES

Temperaure determinations for this study were made

following procedures presented by
(1981)

and by Roedder

(1962).

Hollister

others

and

Two-hundred and thirty-five

two-phase fluid incluisions were found suitable for study.
homogenization were determined

for

231

Temperatures

of

inclusions.

Final melting points were determined for 90

inclusions.

The small number of freezing analyses is a

reflection of the size of the
5 microns)

inclusions

(average 3 by

and the metastable persistence of the liquid

phase at temperatures below freezing

Hollister and others, 1981) .

(Roedder,

1962,

1981;

Freezing analyses were performed

before homogenization analyses,

when possible,

in order

to minimize chances of damaging the inclusions during temper

ature determinations.
For

the freezing point determination,

were supercooled

the inclusions

to -120° to -150°C in order to overcome

the metastable persistence of the liquid phase.

The inclusions

were warmed at rates of 5° to 10°C per minute to approximately

-75° C.

The

inclusions

remained at this temperature for
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3 to 4 minutes to establish equilibrium.

Warming was continued

at rates of 2° to 5°C until the freezing point occurred,
usually within the range of -50° to -65°C.

Freezing is

recognized by the contraction of the vapor phase and the
formation
1981;

of

an

Hollister

aggregate of
and others,

(Klosterman,

ice crystals

1981).

If the volume of the

vapor phase coexisting with the liquid phase

the expansion of
the

vapor phase

many of

the

the

(Crawford,

1981).

The liquid phase in

failed to freeze even after being

inclusions

metastability of the liquid phase

and others,

small,

ice during freezing will eliminate

supercooled for several minutes.

Hollister

is

1981).

The

This feature is due to

(Roedder,
failure

1963;

1981;

to freeze may

reflect; the absence of submicroscopic solids within the
inclusions

that could serve as nucleation sites for

ice

formation (Roedder, 1963).
Melting point determinations were conducted by warming
the frozen

inclusions at a rate of 0.5°C per minute to

ensure that melting events would be observed under equilibrium
conditions:(Shepherd,

1981)

(MacDonald and Spooner, 1981) .

is defined as

and to ensure high precision
The initial melting temperature

the first appearance of the liquid phase.

The initial melting temperature corresponds with the eutectic

melting point of an aqueous solution of a particular chloride

species

(Crawford and others,

1979).

Intermediate melting

events reflect recrystallization (coarsening)

of the mosaic

133

of ice crystals

(Hollister and others, 1981).

Intermediate

melting temperatures correspond with cotectic melting points

of; the chloride species present within the trapped fluid
(Taylor and others,

1983).

The small dimensions of the

inclusions did not always permit the initial and the inter

mediate melting events to be observed.

melting points and

fourteen

Thirty-one initial

intermediate melting points

were determined in this study.

;

The final melting temperature

is determined by the

melting of the last remaining ice crystal.

The solid to

liquid phase change can be established by

lowering the

temperature just,< as the last bit of ice becomes no longer

visible.

; If.the final melting point has not been reached,

freezing can be noted with 2° to 3°C of cooling through
the

regrowth of the

point has: been

ice crystal.

reached,

if

the final melting

substantial cooling is needed to

nucleate ice within the inclusion.

Final melting temperatures

were determined two to three times for an individual inclusion.
The

final melting points for

reproducible to within

0.2°C.

individual

inclusions, were

Nucleation

of the vapor

phase usually occurs within 2° to 5°C of the final melting

point.

.The vapor

phase

occasionally nucleates as much

as 10°C before the final melting point is reached.

.

The temperature of homogenization is determined by
warming

the

inclusions

system (vapor plus liquid)

until a change from a

two—phase

to a single-phase system (liquid)

134
is observed,.

‘Upon heating,

pressure within the inclusion

increases along a univariant liquid-vapor curve.

Eventually,

the liquid-vapor curve intersects either the bubble-point

curve .(1iquid;+ vapor =
(liquid + vapor = vapor)

liquid)

or

the dew-point curve

for the composition of the trapped

fluid and homogenization occurs (Crawford, 1981).

Homogeni

zation is dependent on the specific volume of fluids trapped

within the inclusion.

If the fluid phases within the inclusion

have a specific volume

(Vdensity)

less than the specific

volume of the trapped fluids at the critical point,
vapor phase will diminish in volume with heating,

inclusion :wi11

1981)..

If

homogenize

to a

liquid phase

and the

(Crawford,

the fluid phases within the inclusion have a

specific, volume greater

trapped:fluids
will diminish

than the specific volume of the

the critical point,

the liquid phase

in volume with heating,

and the inclusion

at

will homogenize to

a vapor phase

(Crawford,

in the final melting point determination,
of

the

1981).

As

a heating rate

0.5°C per minute was used to observe phase changes.

The temperature of homogenization is established by lowering
the temperature when the vapor phase is no longer visible.
If

the homogenization temperature has not been reached,

the vapor bubble should gradually
in volume

reappear and increase

in the spot it disappeared

from upon cooling.

If the homogenization temperature has been reached, substantial

cooling is needed to nucleate the vapor phase.

If homogenized,
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the vapor bubble would normally return by reappearing in

the

inclusion

disappeared.

at

a

location different

from where

it

Occasionally the vapor bubble would reappear

back immediately without substantial cooling.

were not be subjected to

The inclusions

temperatures greater than those

necessary for homogenization in order to minimize the chances

for decrepitation.

Temperatures of homogenization were

determined twice for an

individual

inclusion in order to

establish the reproducibility of the determinations and
to check for stretching or leakage.

Homogenization temperatures

for individual inclusions were reproducible to within 1.0°C.

Vapor phase to liquid phase ratios of the inclusions were
noted following each determination.

The ratio is compared

to the vapor-liquid ratio noted before the determination
as another means of checking for leakage.

The homogenization

temperatures, uncorrected for pressure, are taken to represent
a minimum

estimate of the temperatures of formation of

the host mineral grains.

APPENDIX I

FLUID INCLUSION DATA
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APPENDIX J

CATHODOLUMINESCENCE

Following temperature determinations, the doubly polished
sample chips were observed under cathodoluminescence to
check

for microfractures within

the host crystals that

might cause leakage from the inclusions.

Cathodoluminescence

was also used to establish the presence or absence of lumi
nescence and the presence or absence of compositional zoning

within the diagenetic mineral phases.

The chips were examined

in a Nuclide ELM 2-B luminoscope at Louisiana State University.

accelerating voltage of 15 to 17 kilovolts and 0.7 to

An

0.9 milliamps with a chamber pressure of 75 millitorr provided
optimum operating conditions.
Post-compaction equant mosaic calcite from the southern

diagenetic zone shows complex zoning consisting of numerous
bands which vary

in hue and

intensity of luminescence.

Zoning reflects precipitation from an evolving fluid and
a

lack

of

later

Precompaction mosaic

recrystallization.

calcite from the northern diagenetic zone lacks zonation

and shows uniform, dull to bright, orange brown liminescence.
The

lack

of zoning reflects crystal growth in a

chemical environment or

the crystal.

the

later

stable

recrystallization

of

Post-compaction poikilitic calcite cement

shows uniform, dull, brass brown luminescence with an occasional
thin rim of bright orange luminescence.

poikilitic calcite appears quenched.

144

Occasionally the

Post-compaction,

145

intergranular non-fabric-selective,

partial

replacement

dolomite shows uniform, moderately bright orange luminescence
with

occasional

patchy areas

of

different

coloration.

This dolomite can also show zonation apparent as a couplet

consisting of a thin quenched band and a thin bright orange
band which rims a uniformly luminescent core.

poiki1itic/void

Post-compaction

fill baroque dolomite appears quenched.

The baroque dolomite can show a uniform, dull, dark brown
luminescence.
Variations

of manganese

in

(Mn2+)

to

the amounts

within

the crystal

the activator and

iron acting

luminescence

and

with manganese acting as

iron

are due

(Fe2+)

as the inhibitor of luminescence (Pierson, 1981).

Luminescence

can be activated by as little as 10,000 ppm iron with lumi
nescence being completely quenched by 15,000 ppm iron regardless

of the manganese content (Pierson, 1981) .

APPENDIX K

STATISTICAL METHODS
Univariate statistics for homogenization temperatures

and final melting points according to diagenetic mineral

phase may be found in Table 2.

Mean values are accompanied

confidence limits of one standard deviation

by

(66% of

population) and two standard deviations (95% of population).
Where scatter plots of temperature pairs (a homogenization

temperature determination and a final melting point determi
nation for a single

reveal linear trends,

inclusion)

the

correlation coefficients are reported as a means of describing
the trends.„ No linear regression lines have been included
with the scatter plots,

as a one

to one correlation of

homogenization to final melting is not evidenced.
Analysis of variance has been carried out for inclusions

with temperature - pairs from all diagenetic mineral phases.

The

statistical

analysis

is made

in order to establish

whether or

not the temperature populations representing

individual

diagenetic mineral

phases

are statistically

significant and statistically different.
Duncan’s Multiple Range Test is used to test for signi

ficant differences between means of temperatures representing
individual diagenetic mineral phases.

the

The multiple

range test serves as a follow-up to the analysis of variance.
statistical data generated

The

variance
'

'

-

and

-.. -

the multiple

• .

range

- . . ..146 ■

from the analysis of

test are presented
...

in

147
(Appendix L).

The statistical evaluations of homogenization

data and final melting data for all phases have been made

separately and are presented separately.

APPENDIX L

STATISTICAL EVALUATION OF FLUID INCLUSION DATA

A statistical evaluation of homogenization temperatures

final melting points

and

for

diagenetic mineral phases

has been made in order to characterize the individual diagenetic
phases and to establish relationships among the phases.

In

the univariate statistics

addition to

(Table 2),

an

analysis of variance and a Duncan's Multiple Range Test
have been applied to the homogenization temperatures and

the final melting points of the individual diagenetic mineral

phases.

Through statistical analysis, temperature populations

are evaluated for statistical significance and for statistically

significant differences between populations at a confidence
level of 95%.
f

; •

•

-

.

- • -

_

Evaluations of
•

.

.

.

temperature populations of

•

the same mineral phase from different study areas are made
to evaluate regional

similarities

and differences within

mineral phases.
Considering all of the

fluid

inclusion data

(Table

L-l, a and b), the analysis of variance indicates significant
differences

in homogenization

temperature

and

melting point among the diagenetic mineral phases.

in

final

Duncan's

Multiple Range Test indicates the presence of two significantly
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One population

different populations based on homogenization.

consists of bladed calcite,

zoned equant mosaic calcite,

non-fabric-selective dolomite,

anhydrite,

and celestite.

A second population consists of unzoned poikilitic calcite
and baroque dolomite.

The test also indicates two significantly

different populations based on final melting.

One population

consists of bladed calcite and zoned equant mosaic calcite.

A second population consists of non-fabric-selective dolomite,
anhydrite, celestite, unzoned poikilitic calcite, and baroque
dolomite.

The scatter of data points within a plot of

temperature pairs from all of the diagenetic mineral phases
shows a poor linear trend.

by

The poor linear trend is accentuated

a correlation coefficient for the temperature data of

-0.427.

A correlation coefficient close to 1.000 would

reflect a good linear trend within a scatter plot of temperature
pairs and would indicate a strong correlation of homogenization
temperature to final melting temperature.

A correlation

coefficient close to 0.000 would reflect random scatter
of

the temperature data and would indicate no correlation

between homogenization and final melting.
Considering the calcite and the dolomite temperature

data

from southwestern Arkansas,

distinct populations,

representing each of the two minerals, are readily apparent
based on homogenization and on final melting

a

and b) .

(Table L-4,

By evaluating temperature data for individual

diagenetic phases of calcite and dolomite, three significantly
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different populations are distinguishable by homogenization
and by

final melting

(Table L-5,

homogenization temperatures,

a and b) .

By evaluating

populations of bladed calcite

and zoned.equant mosaic calcite;

of non-fabric-selective

dolomite and unzoned poikilitic calcite;

dolomite are significantly different.

and of baroque

By evaluating final

melting points,; populations of bladed calcite;

of zoned

equant mosaic calcite; and of non-fabric-selective dolomite,
unzoned poikilitic calcite,
ficantly different.

and baroque dolomite are signi

The scatter

of data points within

a plot of .homogenization versus final melting temperatures

for calcite and?dolomite temperature pairs shows a fair
linear

trend,

as reflected by a correlation coefficient

for the temperature data of -0.666.
Considering

the temperature data for bladed calcite,

zoned equant mosaic calcite, and unzoned poikilitic calcite,

two populations are distinguishable
A .population ,of bladed calcite and
calcite

is statistically different

(Table L-6,

a and b) .

zoned equant mosaic

from a population of

unzoned poikilitic calcite, based on homogenization tempera
tures.

Based on final melting points, the three diagenetic

mineral phases separate into three statistically different

populations.

The scatter of data points within plot of

homogenization versus final melting temperatures for calcite
temperature pairs shows a fair linear trend,

by

as reflected

a correlation coefficient for the temperature data of

150

-0. 591 (Figure1 L-l) .

A comparison of the temperature data for bladed calcite,

zoned equant mosaic calcite,

and unzoned poikilitic calcite

from southwestern Arkansas to

the

the

temperature data for

zoned equant mosaic calcite and unzoned poikilitic

calcite from northeastern Texas has been made

a and b) .

(Table L-7,

The homogenization data from Arkansas is signi

ficantly different from the homogenization data from Texas.
This difference results from the lack of data for bladed

calcite
no

in

the Texas data.

Final melting data indicate

significant difference between the Arkansas population

and the Texas population.
;

To

better establish relationships between the above

three calcite phases,

individual

between the phases were made.

statistical evaluations

Bladed calcite and zoned

equant mosaic calcite data from Arkansas are not significantly

different based on an evaluation of homogenization temperatures,
but

of

are

significantly different based on an evaluation

final melting points

(Table L-8,

a and b) .

A random

scatter of data points in a plot of homogenization versus
final melting reveals no linear trend for temperature pairs
for bladed calcite and zoned equant mosaic calcite.

Bladed calcite and unzoned poikilitic calcite populations

from Arkansas are significantly different based on evaluations
of homogenization

temperatures and

(Table L-13, a and b).

final melting points

A scatter plot of temperature pairs
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Figure L-l.

Plot of homogenization temperatures versus
final melting points for calcite.
△ — bladed, + ■— zoned mosaic, □—poikilitic
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for bladed calcite and unzoned poikilitic calcite shows
a good linear trend, as reflected by a correlation coefficient
for the;temperature data of -0.862.

Zoned equant mosaic calcite and unzoned poikilitic

calcite populations are significantly different based on
evaluations of homogenization temperatures and final melting
points from Arkansas

(Table L-14,

(Table L-15, a and b).

a and b) ,

and from Texas

The scatter within a plot of homoge

nization versus final melting temperatures for zoned equant
mosaic calcite;and unzoned poikilitic calcite from Arkansas

shows a good linear trend,

as evidenced by a correlation

coefficient for the temperature data of -0.743.

The zoned

equant mosaic calcite and unzoned poikilitic calcite population

of Arkansas is not significantly different from the population
of the same phases in Texas based on an evaluation of homoge

nization temperatures
Arkansas

(Table L-16a) .

is significantly different

in Texas based on an evaluation of

The population in
from the population

final melting points

(Table L-16b).
Bladed calcite, zoned equant mosaic calcite, and unzoned

poikilitic calcite have been evaluated individually

to

establish relationships to non-fabric-selective dolomite.

Bladed calcite and non-fabric-selective dolomite populations
from Arkansas are significantly different based on evaluations
of homogenization

(Table L-17,

temperatures and

a and b).

final melting points

A scatter plot of temperature pairs
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for

the bladed calcite and non-fabric-selective dolomite

shows a good linear trend,

as reflected by a correlation

coefficient for the temperature data of -0.718.

Zoned equant mosaic calcite and non-fabric-selective

from Arkansas are not

dolomite

significantly different

based on an evaluation homogenization temperatures, but

are significantly different based on an evaluation of final
melting points (Table L-18, a and b) .
Unzoned poikilitic calcite and non-fabric-selective
dolomite from Arkansas also are not significantly different
based

but

an evaluation of

on

homogenization

are significantly different

temperatures,

based on an evaluation

of final melting points (Table L-19, a and b) .
Anhydrite

and

celestite populations

from Arkansas

and Texas are significantly different based on a multiple
range test of homogenization temperatures.

is most

likely a

depths of

The difference

reflection of the difference in sample

the two populations in Arkansas

(1100 meters).

Anhydrite and celestite populations are not significantly
different based on a multiple range test of the final melting
points

(Figure L-2) .

There is no significant difference

between the celestite population in Arkansas and the celestite
population

to

in Texas when a multiple range test

evaluate the temperature data.

is used

The small number of

determinations did not permit an analysis of variance.
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Figure L-2.

Plot of homogenization temperatures versus
final melting points for anhydrite and celestite
+ --anhydrite,
□ — celestite.
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Bladed calcite,
are

not

anhydrite,

significantly

and celestite populations

different based on an evaluation

homogenization temperatures

(Table L-12a).

Based on an

evaluation final melting points, the bladed calcite population
is significantly different from the population of anhydrite
(Table L-12b).

and? celestite

pairs for

A scatter plot of temperature

the three phases shows a poor linear trend,

as

reflected by, a correlation coefficient for the temperature
data of -0.462.
Zoned equant mosaic calcite,

populations

anhydrite,

and celestite

from Arkansas and Texas are not significantly

different based on evaluations of homogenization temperatures
and final melting points (Table L-20, a and b) .
of

zoned equant mosaic calcite,

anhydrite,

The population

and celestite

from Arkansas

is not statistically different based on an

evaluation . of

the

temperature data

from the population

of zoned equant mosaic calcite and celestite in Texas (Table
L-21, a and b) .

Unzoned poikilitic calcite,

anhydrite,

and celestite

populations from Arkansas are statistically different based
on evaluations of homogenization temperatures and final

melting points (Table L-23, a and b).
of homogenization

temperatures,

Through an evaluation

anhydrite and celestite

comprise a population different from the unzoned poikilitic
calcite.,

Through an evaluation of final melting points,

anhydrite data and unzoned poikilitic calcite data make
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up

separate populations, with celestite temperature data

being similar to each of the populations.
Unzoned poikilitic calcite,

and celestite

anhydrite,

populations of Arkansas and Texas are significantly different
based on an evaluation of homogenization temperatures (Table
L-24a).

Anhydrite

and celestite comprise a population

different from the populaiton of unzoned poikilitic calcite.

The

three phases

are not

significantly different based

on an evaluation of final melting points (Table L-24b) .
;

The unzoned poikilitic calcite, anhydrite, and celestite

population from Arkansas

is not statistically different

from the unzoned poikilitic calcite and celestite population
from Texas, based on an evaluation of homogenization temper

atures (Table L-25a).

By final melting points, no significant

difference between the

two

anzanalysis of variance.

At the same time, Duncan's Multiple

Range Test

populations

is

indicated by

indicates the two populations are significantly

different (Table L-25b).

Considering the zoned equant mosaic calcite, celestite,
and unzoned poikilitic calcite data of Texas,

significant

differences among populations occur based on evaluations

of homogenization temperatures and final melting points.

Based on an evaluation homogenization temperatures,

zoned

equant mosaic calcite and celestite make up a population
significantly different from a population of unzoned poikilitic

calcite

(Table L-28a) .

Based on an evaluation of final
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melting points,
a

the zoned equant mosaic calcite makes up

population, significantly different

from a

population

of unzoned poikilitic calcite and celestite (Table L-28b).
Non-fabric-selective dolomite, anhydrite, and celestite
populations

from Arkansas are not significantly different

based on evaluations of homogenization temperatures and

final melting points

(Table L-22,

a and b).

A scatter

plot of the temperature pairs for the three phases shows
a poor linear trend, as reflected by a correlation coefficient

for .the temperature data of -0.541.

Baroque dolomite,
dolomite,

oomoldic zoned calcite,

syntaxial calcite,

oomoldic

and dedolomite have not been

statistically evaluated because

of

the small number of

temperature determinations.
The

statistical evaluation of the data based on the

textural mode of occurrence of the cements reveals distinct

temperature populations

(Table L-29,

a and b).

Based on

an evaluation of homogenization temperatures, circumgranular
cements make up a population significantly different from

a population of

cements.

intragranular cements and intergranular

Based on an evaluation of final melting points;

circumgranular cements, intragranular cements, and intergranular
cements make up three significantly different populations.
A scatter plot of the temperature pairs for the three cements
establish a poor linear trend, as reflected by a correlation

coefficient for the data of -0.427 (Figure L-3) .
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Figure L-3.

Plot of homogenization temperatures versus
final melting points for cement types.
+ — inter-, □— intra-,
△— circumgranular
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Temperature Pairs from All Diagenetic
Phases, Arkansas and Texas.

Table L-l.

Table a.

SOURCE
model
error
total

Analysis of Variance—Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.
DE
7
74
81

SS
11146.668
7967.947
19114.615

MS
1592.3812
107.6750

F
14.79

PR>F
0.0001

R2
0.583

F0.01 —2.90

Duncan's Test--- recognizes two populations:
1)
bladed calcite, zoned calcite, non-fabricselective dolomite, anhydrite, and celestite
2)
poikilitic calcite and baroque dolomite

Table b.

SOURCE
model
error
total

Analysis of Variance—Final Melting Points Evaluated
by Diagenetic Mineral Phase
DF
7
74
81

SS
804.495
528.724
1333.220

MS
114.928
7.145

F
16.09

PR>F
0.0001

R2
0.603

F0#01 —2.90

Duncan's Test--- recognizes two populations:
1)
bladed calcite and zoned calcite
2)
non-fabric-selective dolomite, anhydrite,
celestite, poikilitic calcite, baroque
dolomite
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Table L-2.

Temperature Pairs for All Calcite,
Arkansas and Texas.

Table a.

SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Area.
DF
2
65
67

SS
6507.389
8875.766
15383.155

MS
3253.694
136.550

f

23.83

PR>F
0.0001

R2
0.423

F0.01—4.96

Duncan's Test- -recognizes two populations:
1)
calcite, Arkansas
2)
calcite, Texas

Table
SOURCE
model
error
total

b.

Analysis of Variance---Final Melting Points Evaluated
by Area.

DF’
2
65
67

SS
302.528
830.738
1133.266

MS
151.264
12.781

f

11.84

Duncan' s Test—recognizes single population:
1)
calcite, Arkansas and Texas

PR>F
0.0001

R2
0.267

F0.01—4-96
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Temperature Pairs for All Calcite,
Arkansas and Texas.

Table L-3.

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.
SOURCE
model
error
total

DF .
5
62
67

SS
9693.140
5690.015
15383.155

MS
1938.628
91.774

F
21 .12

PR>F
0.0001

R2
0.630

F0.01—3*33

Duncan's Test—recognizes two populations:
1)
bladed calcite and zoned equant mosaic calcite
2)
poikilitic calcite

Analysis of Variance---Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.
SOURCE
model
error
total

DF
5
62
67

SS
700.016
433.251
1133.266

MS
140.003
6.988

F
20.04

PR>F
0.0001

R2
0.618

F0.01—3.33

Duncan's Test—recognizes two populations:
1)
bladed calcite and zoned equant mosaic calcite
2)
poikilitic calcite
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Temperature Pairs for All Calcite and All Dolomite,
Arkansas.

Table L-4.

Table a._

SOURCE
model
error
total

. Analysis' of Variance--- Homogenization Temperatures
Evaluated by Mineral Phase.

DF
2
34
36

SS
4554.540 :
5564.519
‘
10119.059

MS
2277.270
163.662

F
13.91

PR>F
0.0001

r2

0.450

F0.01—5.29

Duncan's Test—recognizes two populations:
1)
calcite
2)
dolomite

Table b.

SOURCE
model
error
tot*1

, Analysis of Variance---Final Melting Points Evaluated
by Mineral Phase.
1

DF
2
34
36

SS
, 405.249
438.884
844.132

MS
202.624
12.908

Duncan's Test—recognizes two populations:
1
1)
calcite
’
2) dolomite

F
15.70

PR>F
0.0001

R2
0.480

F0.01—5.29
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Table L-5. •

Analysis of Variance--- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total

Temperatures Pairs for All Calcite and All Dolomite,
Arkansas.

DF
6
30
36.

SS
6800.675
3318.384
10119.059

MS
1133.446
110.613

F
10.25

PR>F
0.0001

R2
0.672

F0e01 —3.47

Duncan's Test—recognizes three populations:
1)
bladed calcite and zoned equant mosaic calcite
2)
non-fabric-selective dolomite and poikilitic
calcite
3)
baroque dolomite

Table b.
SOURCE
model
error
total

Analysis of Variance--- Final. Melting Points Evaluated
by Diagenetic Mineral Phase.

DF
6
30
36

SS
718.049
126.083
844.132

MS
119.675
4.203

F
28.48

PR>F
0.0001

R2
0.851

F0.01—3-47

Duncan's Test—■recognizes three populations:
1)
bladed calcite
2)
zoned equant mosaic calcite
3)
non-fabric-selective dolomite, poikilitic
calcite, and baroque dolomite
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Temperature Pairs for Bladed Calcite, Zoned
Equant Mosaic Calcite, and Poikilitic Calcite;
Arkansas and Texas.

Table L-6.

An alysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.
SOURCE
model
error
total;

.

DF
; 3
58
61

SS
8798.738
5177.635
13976.372

MS
2932.913
89.270

F
32.85

PR>F
0.0001

R2
0.630

F0.01—4-99

,
Duncan's Test- -recognizes two populations:
1)
bladed calcite and zoned equant mosaic calcite,
Arkansas and Texas
2)
poikilitic calcite, Arkansas and Texas

Table b.

.
SOURCE
model
error
total

DF
-3
58
61

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
SS
463.745
420.989
884.734

MS
154.582
7.258

F
21.30

PR>F
0.0001

R2
0.524

F0.01—4.99

Duncan' s Test---recognizes three populations:
1)
bladed calcite, Arkansas
2)
zoned equant mosaic calcite, Arkansas and
Texas
3)
poikilitic calcite, Arkansas and Texas
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Table L-7.

Temperature Pairs for Bladed Calcite,
Zoned Equant Mosaic Calcite, and
Poikilitic Calcite; Arkansas and Texas.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Area.

Table a.
SOURCE
model
error
total

DF
2
59
61

SS
6751.905
7224.467
13976.372

MS
3375.953
122.449

F
27.57

PR>F
0.0001

R2
0.483

F0.01" 4-97

Duncan's Test—recognizes two populations:
1)
bladed calcite, zoned equant mosaic calcite,
poikilitic calcite; Arkansas
2)
bladed calcite, zoned equant mosaic calcite,
poikilitic calcite; Texas

Table b.

SOURCE
model
error
total

Analysis of Variance-- Final Melting Points Evaluated
by Area.

DF
2
59
61

SS
324.631
560.103
884.734

MS
162.315
9.493

F
17.10

PR>F
0.0001

R2
0.367

F0.01"4-97

Duncan's Test—recognizes single population:
.
1)
bladed calcite, zoned equant mosaic calcite,
poikilitic calcite; Arkansas and Texas
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Table L-8.

Temperature Pairs for Bladed Calcite and
Zoned Equant Mosaic Calcite, Arkansas.

Table a.

SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

DE
2
12
14

SS
351.570
1134.670
1486.240

MS
175.785
94.556

F
1.86

PR>F
0.1980

R2
0.237

*poor probability

Duncan's Test—recognizes single population:
1)
bladed calcite and zoned equant mosaic calcite

Table b.
SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Diagenetic Mineral Phase.
DF
2
12
14

SS
67.098
88.612
155.709

MS
33.549
7.384

F
4.54

PR>F
0.0340

r2

0.431

—5.10
---3.89

f0.025
f0.05

Duncan's Test--recognizes two populations:
1)
bladed calcite
2)
zoned equant mosaic calcite
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Temperature Pairs for Zoned Equant Mosaic
Calcite, Arkansas and Texas.

Table L-9.

Table a.

SOURCE
model
error
total

■ Analysis of Variance-- Homogenization Temperatures
/.Evaluated by Area.
.. DF
2
■ 4
6

SS
. 93.770
133.684
227.454

MS
. 46.885
33.421

F
1.40

PR>F
0.3454

R2
0.412

*poor probability

Duncan's Test—recognizes single population:
,
. 1)
zoned equant mosaic calcite
Arkansas and Texas

Table b.

SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Area.

DF
2
4
6

SS
44.812
43.328
88.140

MS
22.406
10.832

F
2.07

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite
Arkansas and Texas

PR>F
0.2417

R2
0.508

*poor probability
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Table L-10.

Analysis of Variance---Homogenization Temperatures
Evaluated by Area.

Table a.

SOURCE
model

error
total

Temperature Pairs for Poikilitic Calcite,
Arkansas and Texas.

DF
2
42
44

SS
22.145
3824.415
3846.560

MS
11.073
91.057

F
0.12

PR>F
0.8858

R2
0.006

*very poor probability
**F-value too low

Duncan's Test—recognizes single population:
1)
poikilitic calcite, Arkansas and Texas

Analysis of Variance---Final Melting Points Evaluated
by Area.

Table b.

SOURCE
model
error
total

DF
2
42
44

SS
74.372
221.318
295.690

MS
37.186
5.269

F
7.06

Duncan's Test—recognizes two populations:
•
1)
poikilitic calcite, Arkansas
“
2)
poikilitic calcite, Texas

PR>F
0.0023

R2
0.252

F0.01—5*16
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Temperature Pairs for Zoned Equant Mosaic Calcite
and Poikilitic Calcite, Texas.

Table L-ll.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total

DF
2
32
34

, SS ,
1327.112
3447.434
4774.547

MS
663.556
107.732

F
6.16

PR>F
0.0055

R2
0.278

F0.01 — 5.38

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite

Table b.
,

SOURCE
model
error
total

DF
2
32
34

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
SS
77.615
212.532
290.147

MS
38.808
6.642

F
5.84

Duncan's Test—•recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite

PR>F
0.0069

R2
0.268

F0.01—5.38
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Table L-12.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total

Temperature Pairs for Bladed Calcite, Replacement
Anhydrite, and Replacement Celestite;
Arkansas.

DF
2
13
15

SS
324.007
1149.813
1473.820

MS •
162.004
88.447

R2
0.220
- ' .
*poor probability

F
1.83

PR>F
0.1992

Duncan's Test--recognizes single population:
1)
bladed calcite, replacement anhydrite,
replacement celestite

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.

SOURCE
model
error
total

DF
2
13
15

SS
138.130
61.144
199.274

MS
69.065
4.703

F
14.68

PR>F
0.0005

R2
0.693

F0.01”6-70

Duncan's Test—recognizes two populations:
1)
bladed calcite
2)
replacement anhydrite and replacement celestite
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Table L-13.

Temperature Pairs for Bladed Calcite and
Poikilitic Calcite, Arkansas.

Table a.

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

'

SOURCE
model
error
total '

DF
2
19
21

SS
4505.912
1403.138
5909.051

MS
2252.956
73.849

F
30.51

PR>F
0.0001

r2

0.763

F0.01—5.93

Duncan's Test—recognizes two populations:
1)
bladed calcite
2)
poikilitic calcite

Analysis of Variance---Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.

SOURCE
model
error
total

DF
2
19
21

SS
462.595
44.431
507.026

MS
231.297
2.338

Duncan's Test—recognizes two populations:
1)
bladed calcite
2)
poikilitic calcite

F
98.91

PR>F
0.0001

r2

0.912

F0.01—5.93
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Temperature Pairs for Zoned Equant Mosaic
Calcite and Poikilitic Calcite, Arkansas.

Table L-14.

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.
SOURCE
model
error
total

DF
2
14
16

SS
1653.047
529.431
2182.478

MS
826.525
37.816

F
21.86

PR>F
0.0001

R2
0.757

F0.01 — 6.51

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite
’
2)
poikilitic calcite

Table b.
SOURCE
model
error
total

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
DF
2
14
16

SS
101.599
67.216
168.815

MS
50.800
4.801

F
10.58

Duncan's Test- -recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite

PR>F
0.0016

R2
0.602

F0.01 —6.51
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Table L-15.

Temperature Pairs for Zoned Equant Mosaic Calcite
and Poikilitic Calcite, Arkansas and Texas.

Analysis of Variance--- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total ,

DF
2
49
51

SS
3212.780
4073.720
7286.500

MS
1606.390
83.137

F
19.32

PR>F
0.0001

R2
0.441

F0.01 — 5.09

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite

Table b.
SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Diagenetic Mineral Phase.

DF
2
49
51

„ ,

SS
109.045
383.802
492.847

MS
54.522
7.833

F
6.96

Duncan* s Test—recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite

PR>F
0.0022

R2
0.221

F0>01 —5.09
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Temperature Pairs for Zoned Equant Mosaic Calcite
and Poikilitic Calcite, Arkansas and Texas.

Table L-16.

Table a.
SOURCE
model
error
total

Analysis of Variance-- Homogenization Temperatures
Evaluated by Area.

DF
2
49
51

SS
1421.888
5864.612
7286.500

MS '
710.944
119.686

F
5.94

PR>F
0.0049

R2
0.195

F0.01—5-09

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite and poikilitic
calcite, Arkansas and Texas

Table b.

SOURCE
model
error
total

Analysis of Variance-- Final Melting Points Evaluated
by Area.
DF •
2
49
51

SS
105.952
386.895
492.847

MS
52.976
7.896

F
6.71

PR>F
0.0027

R2
0.215

F0>01 — 5.09

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite and poikilitic
■calcite, Arkansas
2)
zoned equant mosaic calcite and poikilitic
calcite, Texas
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Table L-17.

Temperature Pairs for Bladed Calcite and
Non-Fabric-Selective Dolomite, Arkansas.

Table a.

SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.
DF
2
12
14

SS
2359.691
2210.619
4570.309

MS
1179.845
184.218

F
6.40

PR>F
0.0128

R2
0.516

F0.01-- 6.93
F0.025—5.10

Duncan's Test—recognizes two populations:
1)
bladed calcite
2)
non-fabric-selective dolomite

Analysis of Variance---Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.

SOURCE ,
model
error
total

DF
2
12
14

SS
385.853
45.400
431.253

MS
192.926
3.783

F
50.99

Duncan's Test—recognizes two populations:
1)
bladed calcite
2)
non-fabric-selective dolomite

PR>F
0.0001

R2
0.895

F0<01—6.93
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Temperature Pairs for Zoned Equant Mosaic Calcite
and Non-Fabric-Selective Dolomite,
Arkansas.

Table L-18.

Table a.
SOURCE
model
error
total

Analysis of Variance-- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

DF
2
7
9

SS
967.170
1429.066
2396.236

MS
483.585
204.152

F
2.37

PR>F
0.1638

R2
0.404

*poor probability

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite and non-fabricselective dolomite

Table b.

SOURCE
model
error
total

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
.
SS
121.318
68.622
189.940

DF
2
7
9

MS
60.659
9.803

F
6.19

,

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite
• 2)
non-fabric-selective dolomite

PR>F
0.0283

R2
0.639

Fg.025—6.54

F0.05---4.74

in

Table L-19.

Temperature Pairs for Non-Fabric-Selective
Dolomite and Poikilitic Calcite, Arkansas.

Table a.
SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.
DF
2
14
16

SS
193.873
1673.602
1867.475

MS
96.936
119.543

F
0.81

PR>F
0.4643

R2
0.104

*very poor probability

Duncan's Test—recognizes single population:
1)
non-fabric-selective dolomite and poikilitic
.
calcite

Table b.
SOURCE
model
error
total

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
DF
2
14
16

SS
9.546
21.204
30.749

MS
4.773
1.515

F
3.15

PR>F
0.0741

R2
0.310

F0.05—3-74
F0.10—2*73
*poor probability

Duncan's Test—recognizes two populations:
’
1)
non-fabric-selective dolomite
2)
poikilitic calcite
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Table L-20.
• ■

Table a.

SOURCE
model
error
total

Temperature Pairs for Zoned Equant Mosaic Calcite,
Replacement Anhydrite, and Replacement Celestite;
Arkansas and Texas.

- Analysis of Variance-- Homogenization Temperatures
• Evaluated by Diagenetic Mineral Phase.

DF
2
12
14

SS
39.352
363.884
403.236

MS
19.676
30.324

F
0.65

PR>F
0.5400

R2
0.098

♦poor probability

Duncan's Test--recognizes single population:
1)
zoned equant mosaic calcite, replacement
anhydrite, and replacement celestite

Table b.
Analysis of Variance---Final Melting Points Evaluated
r
by Diagenetic Mineral Phase.

SOURCE
model
error
total

DF
2
12
14

SS
47.642
109.808
157.449

MS
23.821
9.151

F
2.60

PR>F
0.1151

R2
0.303

♦poor probability

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite, replacement
anhydrite, and replacement celestite
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Temperatures Pairs for Zoned Equant Mosaic
Calcite, Replacement Anhydrite, and
Replacement Celestite; Arkansas and Texas.

Table L-21.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Area.

Table a.
SOURCE
model
error
total

DF
2
12
14

SS
78.494
324.742
403.236

MS
39.247
27.062

F
1.45

PR>F
0.2728

R2
0.195

*poor probability

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite, replacement
anhydrite, and replacement celestite

Analysis of Variance-- Final Melting Points Evaluated
by Area

Table b.

SOURCE
model
error
total

DF
2
12
14

SS
20.324
137.125
157.449

MS
10.162
11.427

F
0.89

PR>F
0.4364

R2
0.129

*poor probability

Duncan's Test—recognizes single population:
1)
zoned equant mosaic calcite, replacement
anhydrite, and replacement celestite
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Temperature Pairs for Non-Fabric-Selective Dolomite,
Replacement Anhydrite, and Replacement Celestite;
Arkansas.

Table L-22.

Table a.

SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Mineral Phase.
DF
3
7
10

SS
877.466
? 1353.170
2230.636

'

MS
292.489
193.310

F
1.51

PR>F
0.2928

R2
0.393

*poor probability

Duncan's Test—recognizes single population:
1)
non-fabric-selective dolomite, replacement
anhydrite, and replacement celestite

Table b.

SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Mineral Phase.
DF
3
7
10

SS
62.478
36.262
98.740

MS
20.826
5.180

F
4.02

PR>F
0.0590

R2
0.632

F0.05—4.35

Duncan's Test—recognizes single population:
1)
non-fabric-selective dolomite, replacement
anhydrite, and replacement celestite
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Table L-23.
Temperature Pairs for Replacement Anhydrite,
Replacement Celestite, and Poikilitic Calcite;
Arkansas.

Analysis of Variance---Homogenization Temperatures
Evaluated by Mineral Phase.

Table a.

SOURCE
model
error
total

DF
3
14
17

SS
1678.411
384.169
2062.580

MS
559.470
27.441

F
20.39

PR>F
0.0001

R2
0.814

F0.01 — 5.56

Duncan's Test—recognizes two populations:
1)
replacement anhydrite and replacement celestite
2)
poikilitic calcite

Table b.
SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Mineral Phase.
DF
3
14
17

SS
41.509
33.471
74.980

MS
13:836
2.391

F
5.79

PR>F
0.0087

R2
0.554

F0.01—5.56

Duncan's Test—recognizes two populations:
1)
replacement anhydrite
2)
poikilitic calcite
♦replacement celestite similar to both
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Table L-24.

Temperature Pairs for Poikilitic Calcite,
Replacement Anhydrite, and Replacement
Celestite; Arkansas and Texas.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total

DF
3
49
52

. SS
3289.070
3879.542
7168.612

.MS
1096.357
79.174

F
13.85

PR>F
0.0001

r2

0.459

F0>01—4.23

Duncan's Test—recognizes two populations:
1)
poikilitic calcite
:
2)
replacement anhydrite and replacement celestite

Table,b.
SOURCE
model
error
.total

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.
DF
3
49
52

SS
10.608
323.540
334.148

MS
3.536
6.603

F
0.54

PR>F
0.6601

r2

0.032

*very poor probability

Duncan's Test—recognizes single population:
1)
poikilitic calcite, replacement anhydrite,
and replacement celestite
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Temperature Pairs for Poikilitic Calcite,
Replacement Anhydrite, and Replacement
Celestite; Arkansas and Texas.

Table L-25.

Analysis of Variance---Homogenization Temperatures
Evaluated by Area.

Table a.
source'

model
error
total

' DF
2
50
52

■

SS
501.625
6666.987
7168.612
-

MS
250.812
133.340

F
1.88

PR>F
0.1631

R2
0.070

♦poor probability

Duncan's Test—recognizes single population:
1)
poikilitic calcite, replacement anhydrite,
replacement celestite; Arkansas and Texas

Table b.

SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Area.

DF
2
50
52

SS
44.510
289.638
334.148

MS
22.255
5.793

F
3.84

PR>F
0.0280

R2
0.133

F0.025- -3.99

Duncan's Test—recognizes two populations:
1)
poikilitic calcite, replacement anhydrite,
replacement celestite; Arkansas
2)
poikilitic calcite, replacement anhydrite,
replacement celestite; Texas
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Table L-26.

Table a.

Temperature Pairs for Zoned Equant Mosaic Calcite
and Replacement Celestite, Texas.

Insufficient number of temperature pairs for analysis
of variance
Duncan's Test—recognizes single population based
on homogenization temperatures:
1)
zoned equant mosaic calcite and
replacement celestite, Texas

Table b.
,
:
::

Insufficient number of temperature pairs for analysis
of variance

Duncan's Test—recognizes single population based
on final melting points:
1)
zoned equant mosaic calcite and
replacement celestite, Texas
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Table L-27.

Analysis of Variance-- Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.

Table a.

SOURCE
model
error
total

Temperature Pairs for Poikilitic Calcite
and Replacement Celestite, Texas.

DF
2
32
'34

SS
1216.146
3486.461
4702.607

F
5.58

MS
608.073
108.952

PR>F
0.0083

R2
0.259

F0.01—5.38

Duncan's Test—recognizes two populations:
1)
replacement celestite
.
2)
poikilitic calcite

Analysis of Variance-- Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.

SOURCE
model
error
total

DF
2
32
34

SS
1.783
217.141
218.924

MS
0.891
6.786

F
0.13

PR>F
0.8774

R2
0.008

*F-value too low
**very poor probability

Duncan's Test—recognizes single population:
.
1)
replacement celestite and poikilitic calcite
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Table L-28.

Temperature Pairs for Zoned Equant Mosaic
Calcite, Poikilitic Calcite, and Replacement
Celestite; Texas.

Table a.

SOURCE
model
error
total

Analysis of Variance---Homogenization Temperatures
Evaluated by Diagenetic Mineral Phase.
DF
4
34
38

SS
2568.255
3495.602
6063.857

MS
642.064
102.812

F
6.25

PR>F
0.0007

R2
0.424

F0.01 — 3.94

Duncan's Test—-recognizes two populations:
1)
zoned equant mosaic calcite and replacement
celestite
2)
poikilitic calcite

Analysis of Variance--- Final Melting Points Evaluated
by Diagenetic Mineral Phase.

Table b.
SOURCE
model
error
total

DF
4
34
38

SS
230.783
217.513
448.2996

MS
57.696
6.397

F
9.02

PR>F
0.0001

R2
0.515

F0.01-3.94

Duncan's Test—recognizes two populations:
1)
zoned equant mosaic calcite
2)
poikilitic calcite and replacement celestite
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Temperature Pairs for Circumgranular, Intragranular
and Intergranular Cements; Arkansas and Texas

Table L-29.

Table a.
Analysis of Variance—Homogenization Temperatures
,
Evaluated by Occurrence of the Cement.

SOURCE
model
error
total

DF
3
78
81

SS
5300.585
13814.030
19114.615

MS
1766.862
177.103

F
9.98

PR>F
0.0001

R2
0.277

F0.01—4.09

Duncan's Test--- recognizes two populations:
1)
circumgranular cements
2)
intragranular and intergranular cements

Table b.

SOURCE
model
error
total

Analysis of Variance--Final Melting Points Evaluated
by Occurrence of the Cement.

DF
3
78
81

SS
529.431
803.788
1333.220

MS
176.477
10.305

F
17.13

Duncan's Test--- recognizes three populations:
circumgranular cements
1)
intragranular cements
2)
3)
intergranular cements

PR>F
0.0001

R2
0.397

F0.01—4«09
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Table L-30.

Temperature Pairs for Calcite, Walker Creek
and Mount Vernon, Arkansas.

Table a.
SOURCE
model
error
total

Analysis of Variance———Homogenization Temperatures
Evaluated by Area.
DF
2
217
219

SS
40129.935
54998.951
95128.886

MS
20064.968
253.451

F
79.17

PR>F
0.0001

R2
0.422

F0.01s4•70

Duncan's Test—recognizes two populations:
:
1)
calcite, Walker Creek, Arkansas
2)
calcite, Mount Vernon, Arkansas

Table b.

SOURCE
model
error
total

Analysis of Variance---Final Melting Points Evaluated
by Area.

DF
2
217
219

SS
214.614
1866.880
2081.494

MS
107.307
8.603

F
12.47

Duncan's Test—-recognizes two populations
1)
calcite , Walker Creek, Arkansas
2)
calcite , Mount Vernon, Arkansas

PR>F
0.0001

r2

0.103

F0. 01s4.70
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Table L-31 .

Table a.

Temperature Pairs for Zoned Equant Mosaic Calcite,
Arkansas and Texas.

Insufficient number of temperature pairs for analysis
of variance
Duncan's Test—recognizes single population based
on homogenization temperatures:
1)
zoned equant mosaic calcite,
Arkansas and Texas

Table b.

Insufficient number of temperature pairs for analysis
of variance

Duncan's Test—recognizes single population based
on final melting points:
1)
zoned equant mosaic calcite,
Arkansas and Texas
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